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ABSTRACT
Oil-sands operators of Fort McMurray, Alberta produce six million t/y of 
petroleum coke. The use of coke to stabilize clay-dominated mine tailings in 
constructed wetlands is being studied in landscape reclamation. We studied in 
situ effects of petroleum coke amendments placed in three wetlands constructed 
with different materials over two years. Coke amendments did not significantly 
increase concentrations of trace metals in sediment pore waters or associated 
biota in plots. Growth of resident macrophyte species was not prohibited by coke 
amendments. Coke plots in a reference wetland contained fewer stress- 
intolerant invertebrates, than reference plots, likely due to avoidance of coke 
substrates. Adding peat reduced Chara cover and biomass in the reference 
wetland, but had no impact on plants or invertebrates in the wetlands with little 
organic content. Overall, local coke amendment effects were detected in a 
reference wetland but not in two wetlands constructed with other oil sands 
process materials.
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“In Nature’s infinite book of secrecy, a little I can read.’’ 
-Shakespeare (In Antony and Cleopatra)
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Athabasca Oil Sands Mining and Reclamation Issues
In this study, the ecotoxciology of petroleum coke materials used as 
substrate amendments in constructed wetlands of the reclamation landscape of 
areas mined for oil sands in north-eastern Alberta are assessed. Ecotoxicology 
integrates ecology and toxicology, where the objective is to understand and 
predict the effects of chemicals on natural communities under realistic exposure 
conditions (Chapman 1995). The objectives of this project were to evaluate the 
effects of petroleum coke amendments on macrophyte and invertebrate 
communities as an aquatic reclamation strategy in constructed wetlands in the 
Athabasca Oil Sands region.
Canada’s largest source of crude oil, the bitumen-rich Athabasca Oil 
Sands Region, is located near Fort McMurray, in northeastern Alberta (56°39’0” 
N, 111 °13’0” W). Syncrude Canada Limited and Suncor Energy Incorporated are 
the region’s largest exploiters of this resource. They have operated surface oil 
sands mines and upgrading facilities in the area since the 1970’s. These two 
companies produced a combined total of over 150 million barrels of crude oil in 
2002. It is estimated that at least 300 billion barrels of bitumen can be recovered 
using current methods (Scott and Fedorak 2004). Oil recovered from the
1
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Athabasca region currently accounts for over 20% of Canada’s petroleum, with 
projections approaching 50% in a few years (Leung et al. 2003).
Surface-mining techniques are the most efficient manner in which to 
access the Athabasca oil sands, which are located approximately within the 
upper 100 m of the surface near the Athabasca River (Fig 1.1; the Fort McMurray 
Formation). Open pit mines are being developed, and this involves the complete 
removal of the existing boreal forest landscape (Fig 1.2), prior to excavation of 
the deposit. The Environmental Protection and Enhancement Act of Alberta 
(EPEA) requires oil sands operators to reclaim the landscape to an equivalent 
land capability, compared to pre-disturbance. They must also take into account 
the intended land uses. This reclaimed land must be continuous with the 
surrounding landscape (Oil Sands Wetlands Working Group 2000). Vitt et al. 
(1996) estimate that wetlands comprise 16.3% of Alberta’s total area.
Oil sands are composed of sand, bitumen, mineral rich clays, and water.
A hot water floatation method (termed the Clark process) is used to separate the 
desired bitumen from the oil sands (Fine Tails Fundamentals Consortium 1995). 
This produces large volumes of waste materials including process water, sand 
and fine-grained clastic materials (known as fine tailings). For each m3 of mined 
oil sands, 3 m3 of water are required and 4 m3 fluid wastes are produced 
(Holowenko et al. 2002). This large volume of wastes produced must be 
eventually used in the reclamation landscape.
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Simplified Geological Cross-section 
Through ike Athabasca 0 3  Sands Region
Fig 1.1. Cross-section of Athabasca Oil Sands deposit near the Athabasca 
river valley.
Fig 1.2. View of active surface mining area on Syncrude Canada Lease in 2003.
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Several methods are employed to deal with the fine tailings generated 
from bitumen extraction. One method involves pumping the thin slurry of fine 
tailings (6-10% solids by weight after coarse sand has settled out) into holding 
ponds, where they slowly density (to 30% solids by weight) under their own 
weight over time, producing a product termed mature fine tailings (MFT) 
(Matthews et al. 2000). Another process involves the addition of chemical 
coagulants, such as gypsum, to the fresh tailings, which causes the release of 
large volumes of particle-free water and rapidly condense (to 58% solids by 
weight) forming composite or consolidated tailings (CT) (Matthews et al. 2000). 
Despite advances in these technologies, the fine tailings will remain soft, difficult 
to dewater, non-trafficable and will require containment. Approximately one-third 
of this waste material will be developed to support wetland communities 
(Matthews et al. 2000) as part of their reclamation.
Constructed Wetlands
Wetlands are an important feature of the landscape of the Athabasca Oil 
Sands Region (Oil Sands Wetlands Working Group (OSWWG) 2000). A wetland 
is defined as “any land that is saturated with water long enough to promote 
wetland or aquatic processes as indicated by poorly drained soils, hydrophytic 
vegetation and various kinds of biological activity that are adapted to a wet 
environment” (National Wetlands Working Group 1997). Wetlands occupy an 
estimated 3-6% of the world’s land surface (Hook 1993). They are highly valued
4
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for their ability to act as filters, sinks and transformers for sediments, nutrients 
and pollutants (Hook 1993).
In the past 20 years, many types of experimental “constructed wetlands" 
have been created by the oil sands companies, or have developed naturally in 
depressions in the mining landscape (termed “opportunistic wetlands”) (OSWWG 
2000). Wetlands have been constructed using mining-process wastes (fine 
tailings and process-affected water) in order to determine if this is an economical 
and environmentally acceptable landscape reclamation strategy. There are 
many environmental challenges associated with the use of these wastes in this 
manner.
Process wastes contain elevated levels of organic and inorganic 
contaminants associated with the raw oil (bitumen). These include naphthenic 
acids (NAs, a mixture of naturally occurring saturated acyclic and cyclic 
carboxylic acids (Holowenko et al. 2002)), polycyclic aromatic hydrocarbons 
(PAHs), salts, trace metals, and residual hydrocarbons. High concentrations of 
these contaminants can be harmful to the biota of aquatic communities (Landrum 
et al. 1991, Gambrell 1994, Renault et al. 1999, Herbst 2001, Leung et al 2003, 
Millward et al. 2004). However, these constituents are naturally found at lower 
levels in aquatic systems in the region as a result of erosion of the in situ oil 
sands. Local organisms may be adapted to dealing with these chemical stresses 
(Bendell-Young et al. 2000). Because of the hydrophobic properties of trace 
metals and PAHs, such as are found in the fine tailings, these sediments can act 
as reservoirs for these types of pollutants (Hassan et al. 1996).
5
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The naphthenic acids in fresh waste waters are acutely toxic to yellow 
perch (Nero et al. 2006), rainbow trout and Daphnia magna (MacKinnon and 
Sethi 1993) and Microtox bacterial assay (Madill et al. 2001). However, the toxic 
component these NAs degrade through natural processes (Madill et al. 2001).
The organic carbon (including NAs) in oil sands process waters (OSPW) 
may provide protection to aquatic organisms from freely dissolved trace metals 
that could otherwise be toxic, mutagenic or genotoxic. Dissolved organic carbon 
can reduce free metal concentrations in the water, providing a protective element 
and serving as a major ligand for the binding of free metal ions (Wang 1987). Oil 
sands process waters also have relatively high conductivity, and the salt ions 
responsible for this will directly compete with freely-dissolved metal ions at the 
gill surface, thus reducing the ability of the metals to cause gill damage (Playle et 
al. 1993a). However, both NAs and salts can also cause damage to fish gills 
(van den Heuvel et al. 2000, Nero et al. 2006).
The unconsolidated nature of the fine tails will also present a problem in 
encouraging the establishment of natural macrophyte communities, as it may not 
provide a suitable substrate for rooting plants, and fine sediments are susceptible 
to re-suspension by wave action. Turbidity can limit the depth at which 
macrophytes can photosynthesize (James et al. 2004). Consolidated tailings 
(CT) sediments have been shown to impede wetland macrophyte seedling 
emergence (Cooper 2004), growth (Luong 1999), and overall diversity (Crowe et 
al. 2002).
6
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Macrophyte Communities of Constructed Wetlands
The use of macrophytes in the remediation of contaminated sediments 
(fine tailings) is of current interest to oil sands operators (Oil Sands Wetlands 
Working Group 2000, Cooper 2004). Wetland revegetation will play a large role 
in meeting the reclamation standards set out by the Environmental Protection 
and Enhancement Act of Alberta. However, the physical and chemical makeup 
of these wetlands may impede the establishment of suitable macrophyte 
communities.
Macrophytes play an important role in the establishment of healthy 
invertebrate communities in wetlands, de Szalazy and Rush (2000) found there 
was a higher biomass and diversity of colonizing insects in newly created 
wetlands with greater structural complexity due to macrophyte succession than in 
open water areas of wetlands. The physical texture of the sediment may play an 
important role in the rooting success of aquatic plants (Barko and Smart 1983). 
The pattern of succession in macrophyte communities can have broad 
implications for aquatic invertebrate communities by affecting predation (Schriver 
et al. 1995) and food availability.
The salinity of process-affected waters creates an osmotic stress for 
plants, which can lead to decreased photosynthesis (Crowe et al. 2001). 
However, Bendell-Young et al. (2000) showed that cattail (Typha latifolia L.) from 
wetlands affected by process-affected waters and fine tailings had increased 
rates of photosynthesis in an apparent adaptation to this stress.
Cooper (2004) concluded that CT may be a suitable substrate for wetland 
plants. She found that macrophytes colonized small buckets of this material
7
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when they were dug into the sediments of reference wetlands. However, when 
surficial sediments (containing a macrophyte “seed bank”) from reference 
wetlands were mixed with CT in the laboratory, this impeded the germination of 
seeds from the seed bank, compared to treatments lacking the CT. In a 
laboratory-based study Luong (1999) found that CT had no significant impact 
(compared to natural local wetland sediment) on the growth of three macrophyte 
species (Myriophyllum spicatum, Potamogeton richardsonii, and Chara vulgaris). 
The addition of process-affected water to the experiment impeded the growth of 
both M. spicatum and P. richardsonii. Chara vulgaris was much more tolerant of 
the higher salinity. Bishay (1998) found that constructed wetlands containing 
mainly T. latifolia and Scirpus validus were capable of removing up to 200 
mg/m2/d of hydrocarbons and 170 mg/m2/d of ammonia from oil sands waste 
waters. This could mean treatment wetlands may provide significant retention of 
these main constituents of oil sands waste waters. Under a heavier loading of 
waste waters (4.9 cm2/d vs. 1.6 cm2/d), however, the production of these plants 
was significantly lower than control wetlands.
Invertebrate Communities of Constructed Wetlands
Aquatic invertebrates are a significant diet item for fish and predatory 
insects. Thus they can serve as a contaminant transfer mechanism to higher 
trophic levels (Larsson 1985, Nott and Nicolaidou 1994, Scheuhammer et al. 
1997, Blackmore 2000, Swansburg et al. 2002). Benthic invertebrates are 
closely associated with sediments, making them continuously exposed to any
8
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contaminants sorbed to the sediments (reviewed by Canfield 1999). Winged, 
emerging adult invertebrates can carry any contaminants accumulated in their 
tissues to the terrestrial environment, thus potentially posing a threat to those 
vertebrates that feed upon them (Papp et al. 2007).
Several studies have been conducted to investigate the impact of fine 
tailings, process-affected waters and their associated potentially toxic 
compounds on zoobenthos. Whelly (1999) found that wetlands constructed with 
process-affected water showed non-significant trends in the reduction of generic 
diversity and abundance of Chironomidae (sediment dwelling invertebrates). 
Leonhardt (2003) found that young wetlands (<7 years old) constructed with fine 
tailings and/or process-affected waters contained significantly fewer benthic 
invertebrate families, compared to reference constructed or opportunistic 
wetlands of equivalent age. The average abundance of these aquatic 
invertebrates, however, was not affected by the presence of any waste materials. 
Ganshorn (2003) found that biomass and secondary production of chironomids in 
two oil sands process materials (OSPM)-affected wetlands was greater than 
secondary production in two reference wetlands. This suggests that constructed 
wetlands may still be appropriate for reclamation from a productivity standpoint, 
as the production of invertebrate biomass could be similar in constructed 
wetlands and natural wetlands in the area. Ganshorn (2002) showed that 
although aquatic dipteran species from constructed wetlands contained 
significant quantities of PAHs in their tissues, the compounds were not 
biomagnified relative to concentrations in the sediments. Either the bioavailability
9
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of these compounds was limited by the presence of organic carbon (detritus 
and/or dissolved organic carbon, including NAs) (Ganshorn 2002), or the 
invertebrates were able to metabolize the PAH (Driscoll et al. 1997, Ganshorn 
2002).
Petroleum Coke as an Aquatic Reclamation Strategy
In the concept of “constructed wetlands” proposed by Golder Associates 
Ltd. (2000) to the oil sands operators; fine tailings are intended to be laid down to 
form the base of the wetlands, and then capped with wetland sediment (muskeg) 
that had been salvaged from the original landscape. Petroleum coke is a 
relatively low density, solid, carbonaceous product. It is hoped that it might float 
on the tailings, but still be strong enough to bear a load of natural sediment (M.D. 
MacKinnon, Syncrude Canada Ltd., personal communication). The use of coke 
in wetland construction could reduce the amount of coke that has to be stored in 
the terrestrial environment. If coke is found to be an inert product, it may be 
useful in “capping” the fine tailings, preventing the release of the associated 
organic and inorganic constituents. It may even remove colour and organics 
from the waters of the wetlands, similar to the action of activated charcoal 
(Shawwa et al. 2001).
10
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PETROLEUM COKE PRODUCTION IN THE ATHABASCA OIL SANDS 
Bitumen Upgrading and Coke Production
Bitumen, in its raw state, is thick and tar-like, and contains many 
impurities. It requires upgrading, to isolate a lighter, more valuable, energy-rich 
oil product, and to make it transportable by pipeline and usable by conventional 
refineries. Petroleum coke, similar to a medium grade coal, is a by-product of the 
refinement of the bitumen (Taplin and Devenny 1998). Bitumen refining involves 
boiling at high temperatures in “cokers”, until thermal cracking occurs. Complex 
hydrocarbon molecules (which are the cause of the viscosity), break down, 
increasing the carbon: hydrogen ratio within the liquid synthetic crude. The 
breaking of the carbon-hydrogen bond is the source of energy in hydrocarbon 
fuels (Scott and Fedorak 2004). The upgrading process packs more energy into 
a more fluid product, producing synthetic crude oil. The excess carbon, removed 
from the synthetic crude oil, settles to the bottom of the coker, forming petroleum 
coke (Scott and Fedorak 2004). The formation of coke is often referred to as 
“carbon rejection” (Scott and Fedorak 2004).
Syncrude and Suncor use different refining methods to produce synthetic 
crude oil. This generates two different types of coke, similar in chemical 
composition, but very different in physical texture (Scott and Fedorak 2004).
Current Coke Disposal Methods
Syncrude and Suncor together produce approximately 6 million tonnes of 
petroleum coke per year, (16,400 tonnes per day), which must be stored on site
11
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(Scott and Fedorak 2003). Syncrude stores its coke in mined out pits, called 
coke cells, which are then capped with clay and revegetated, or as beaches in a 
settling basin. Suncor also stockpiles coke, and uses it to help build berms on 
site. The sheer volume of petroleum coke produced will eventually exceed the 
amount of space available to store it. There are many potential uses of 
petroleum coke, but because of transport costs and coke properties, it is not 
currently economically feasible to sell coke, or use it in any heating processes.
Physical and Chemical Composition of Coke
Syncrude’s refining process utilizes a fluid coker, wherein coke already 
present in the reactor is heated, and the bitumen is sprayed onto these particles. 
As cracking occurs on the surfaces of these particles, new layers of coke are 
formed over the old layers. This produces “fluid coke” whose grains have a 
spherical structure of layers, similar to an onion (Scott and Fedorak 2004).
These particles are small, averaging 100 pm; thus the product resembles very 
light, fine-grained sand (Fedorak and Coy 2006)
Suncor employs a different upgrading technique, termed delayed coking. 
Bitumen is pumped into a tube furnace and progressively heated until cracking 
occurs, the heavier, solid carbon (such as asphaltenes) settles out of the mixture, 
forming petroleum coke deposits on the bottom of the furnace. These deposits 
must be later removed with a hydraulic drill, producing “sponge coke” (Scott and 
Fedorak 2004). As the name implies, the physical texture of this coke is similar 
to a sponge, having a very porous structure. Sponge coke is disposed of in
12
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lightweight, irregular lumps, averaging approximately 0.5 cm in diameter 
(Fedorak and Coy 2006).
Petroleum coke is composed mainly of carbon (80%), sulphur (1-6%), and 
small amounts of many other elements such as silicon, iron, nickel, nitrogen, and 
vanadium (Chung et al 1996, Taplin and Devenny 1998, Scott and Fedorak 
2004). Syncrude coke and Suncor coke are assumed to be similar in chemical 
composition, as would be expected when the source bitumen comes from the 
same deposit. The major difference in these cokes is the physical properties 
arising from differences in coking methods employed.
Coke Leachates and Potential Toxicity
There exists little knowledge of the toxicity of oil sands-derived coke and 
its leachates. Trace metals, PAHs, excess salts, and residual hydrocarbons 
could all be expected to be present in petroleum coke, as these are all present in 
bitumen, the source of these cokes. The potential for leaching and effects of 
PAHs, other organic contaminants, and inorganic contaminants (metals) 
represented an immediate concern in the stockpiling of petroleum cokes (Chung 
et al. 1996). Chung et al. (1996) analyzed the ability of Syncrude petroleum coke 
(samples represented coke deposits from years 1979-96) to leach organic and 
inorganic contaminants. They were unable to detect any volatile organic 
compounds (including PAHs, and NAs) in coke leachates. However, there were 
many inorganic contaminants present in coke leachates, but all occurring at 
levels lower than regulatory levels at the time. Many elements, such as
13
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vanadium, nickel, zinc, beryllium, copper, strontium, and cobalt, had no 
regulations at the time of publication in 1996, but were discussed by the authors 
as those that might represent future concerns (Chung et al. 1996).
Squires (2005) conducted laboratory studies on both Syncrude and 
Suncor cokes in 2003, testing for the presence of organic and inorganic 
contaminants, under a variety of leaching conditions, including oxygenation, pH 
and freeze-thaw cycles. The results of these tests confirmed the findings of 
Chung et al. (1996), where there were non-detectable levels of PAHs present in 
coke leachates. However, Squires (2005) found that petroleum coke leached 
trace metals such as copper, manganese, molybdenum and particularly, 
vanadium at concentrations greater those recommended as acceptable by the 
Canadian Water Quality Guidelines (CCME 2003). There was no adverse effect 
of these leachates on a toxicological standard test species Chironomus tentans 
Fabricius (Diptera: Chironomidae). Reduced C. tentans survival was ascribed to 
adverse effects of the large particle size of Suncor coke, which may be 
unsuitable for this burrowing, benthic invertebrate.
Puttaswamy and Liber (2006) found that leachate collected directly from 
field deposits of Syncrude coke significantly impeded the survival and growth of 
Cerodaphnia dubia (Richard) (Cladocera:Daphnidae) in acute toxicity laboratory 
studies. Chemical analysis of the constituents of the leachate water suggests 
that vanadium could be partially responsible for the observed toxicity. These 
studies suggest that trace metal leachates from petroleum cokes may represent 
the most important concern in the use of this material in the reclamation
14
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landscape. For these reasons, we adapted the focus of the toxicological 
component of this study of petroleum coke use in the aquatic landscape, to more 
closely examine trace metal concentrations in foodweb compartments.
CONTAMINATED SEDIMENTS IN AQUATIC ECOSYSTEMS
Aquatic sediments play a significant role in the sorption of many persistent 
and toxic chemicals in the environment. Aquatic sediments can contain levels of 
organic and inorganic contaminants many times higher than water column 
concentrations (Chapman 1986). Laboratory studies have shown that petroleum 
coke created from Athabasca oil sands bitumen may leach significant amounts of 
metals (Jack et al. 1979a, Jack et al. 1979b, Chung et al. 1996, Taplin and 
Devenny 1998, Scott and Fedorak 2004, Squires 2005, Puttaswamy and Liber 
2006). However, simply determining the concentrations of these compounds in 
coke leachates does not indicate whether or not these metals are bioavailable to 
resident biota. Metals are often so tightly bound to sediments or particulates that 
they could be considered functionally inert (Chapman et al. 1998). It is important 
to consider both the effects of site-specific water chemistry (Wood et al. 1997), 
as well as evidence of effects on communities of resident biota (Long and 
Chapman 1985), when assessing sediment quality.
STUDY OBJECTIVES
The objectives of this project were to evaluate the sensitivity of wetland 
community responses to petroleum coke amendments used as an aquatic
15
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reclamation strategy for constructed wetlands in the Athabasca Oil Sands region, 
particularly on macrophytes and invertebrates. Specifically, my goals were to:
1) Examine the effect of petroleum coke amendments on macrophyte 
colinsation and development in different types of experimental wetlands 
constructed with varying types of oil sands processing wastes.
2) Examine the effect of petroleum coke amendments on invertebrate 
community abundance and composition in different types of experimental 
wetlands constructed with varying types of oil sands processing wastes.
3) Determine the effect of including a surface amendment of organic material 
(peat) on the establishment of macrophytes and invertebrates.
Due to evidence that trace metal concentrations may be elevated in petroleum 
coke leachates, we adapted part of our project to investigate the concentration of 
trace metals in sediments, macrophytes and invertebrates colonizing petroleum 
coke amendments.
STUDY SITES AND EXPERIMENTAL DESIGN 
Study Location
All study wetlands were constructed wetlands located in the Athabasca Oil 
Sands Region northeast of Fort McMurray, Alberta, in the boreal forest 
ecoregion. This is a borderline subarctic climate, with long cold winters, and brief 
but warm summers, and average annual temperature of -19°C. It has an annual 
precipitation of 464cm, which falls mainly in the summer months. The Athabasca
16
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oil sands fall within areas of isolated permafrost (0-10%), and have an average of 
90-95 frost free days annually (Natural Resources Canada 2007).
Two sites, Shallow Wetland South Ditch (SWSD) and Test Pond 9 (TP9) 
are located on the Syncrude lease, and Jan’s Pond (JP) is located on the Suncor 
lease. These sites were chosen to reflect the range of water and sediment 
quality expected in oil sands process material-affected wetlands. The varying 
combinations of water and sediment origin in each wetland support different 
macrophyte and invertebrate taxa and could potentially influence how in situ 
sediments amendments would affect macrophyte and invertebrate colonization 
and diversity resulting from varying inputs of waste materials.
Shallow Wetland South Ditch
SWSD (Fig. 1.3) (458159E 6326713N) serves as a reference wetland in 
this study. The surface area was approximately 720 m2, and the volume was 
418 m3 in 2001 (Ganshorn 2002), although this wetland was over 30 cm deeper in 
2005 (pers. obs.). It formed from a depression created by excavating clay-type 
material to form a berm along the south margin of an adjacent wetland, Shallow 
Wetland, in the reclaimed landscape. The depression filled with rainwater in 
1993. Although this wetland is technically “constructed”, it received no inputs of 
oil sands waste materials. It is assumed that characteristics of this wetland will 
be similar to those of a natural wetland of the same age and size located in this 
region. The surface water has conductivity typical of surface waters in the region
17
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a)
30m
Fig. 1.3. Shallow Wetland South Ditch, a) Photograph taken from the northeast 
tip facing southwest on July 5, 2005. b) Schematic of SWSD traced from an 
aerial map, indicating the approximate location of in situ plots (numbered).
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(approximately 600 pS/cm), and the sediment is 5.2% organic material, 
determined by Loss on Ignition (LOI) (Ganshorn 2002). Species of macrophytes 
present were identified by Ganshorn in 2001, as mainly Typha latifolia, Carex 
spp. and significant amounts of Chara. Leonhardt (2003) classified the adjacent 
wetland, Shallow Wetland, as a “mature” wetland based on its age (>8 years old) 
with respect to invertebrate fauna. Using an artificial substrate sampler in 2001, 
Leonhardt (2003) found that Shallow Wetland had 31 invertebrate families and 
supported 1879 invertebrates per 313 cm2 colonization tile. Due to the common 
age, and the close proximity of these two wetlands, this would suggest that 
SWSD could also be considered “mature”.
If leachates from petroleum coke amendments are toxic to macrophytes 
and invertebrates, we expect these effects to be most evident in this wetland.
The resident biota of SWSD have not been affected by oil sands mining process 
materials, and thus are most likely to contain sensitive species. We assumed 
SWSD had sediment similar to that of a natural wetland of similar age and size 
that might be found outside of the oil sands mining area. Thus, the addition of 
petroleum coke would not serve to make the texture of the substrate more 
‘natural’.
Test Pond 9
This wetland (TP9) was created in 1993 (Fig 1.4) (457991E 6327068 N). 
The surface area is approximately 3,880 m2. The substrate consists of a 
constructed clay lining. The pond was filled with a one-time input of 6,000 m3 of 
tailings pond surface water from the Mildred Lake Settling Basin (Golder
19
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15m
b)
Fig 1.4. Test Pond 9. a) Photograph taken from the northwest corner facing south 
on July 5, 2005. b) Schematic TP9 traced from an aerial map, indicating the 
approximate location of in situ plots (numbered).
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Associates Ltd. 2002). The water is saline (averaging 1,700 pS/cm), and the 
sediment consists of clay stockpiled from the original landscape. This wetland 
was also classified as “mature” by Leonhardt (2003). In 2002 it supported 14 
invertebrate families and a low abundance of 54 organisms per colonization tile. 
Macrophyte growth was limited in this wetland previous to the start of this project 
(2002), consisting of limited colonies of cattails, Typha latifolia, primarily along 
the northwest margin of the wetland.
W e expect that amendments of petroleum coke in this wetland will best 
demonstrate the combined effects on sediment texture and leachates in this 
wetland. Macrophyte growth in TP9 was very limited at the beginning of this 
experiment in 2002, possibly due to lack of organic content, or the loose clay 
substrate (Barko and Smart 1986) or the turbidity caused by clay being 
suspended by wind and waves. If the textural properties of petroleum coke 
amendments exert positive effects on macrophyte colonization, it will likely be 
evident in this wetland. However, it might be possible to also see the effects of 
coke leachates on macrophytes, as the sediment of TP9 does not contain 
significant amounts of OSPM and associated contamination. Differences in 
invertebrate abundance or taxonomic abundance among treatments may be due 
to the positive effects of increased macrophyte growth, if they occur (de Szalay 
and Resh 2000), or the negative effects of sediment, if it is contaminated 
(Ciborowski et al. 1995).
21
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Jan’s Pond
This wetland (JP) was constructed in fall 1999/winter 2000 (Fig. 1.5), 
(465700E 6315841N) having an approximate surface area of approximately 
1,000 m2, and a volume of 1,000 m3. An upstream wetland (4m CT Wetland) has 
a 4m base layer of consolidated tailings. During construction, peat was placed 
on top of the tailings in one part of the 4m CT wetland, in hopes that it would 
create a more suitable substrate for macrophyte colonization. Water levels were 
maintained in the connected 4m CT wetland by the continuous pumping of Jan’s 
Pond wetland receives water through a culvert that drains the 4m CT wetland. 
Episodic disruption of pumps supplying water to the 4m CT wetland resulted in 
the cessation of flow to the Jan’s Pond on several occasions through the course 
of the study. The area sampled in this study is an extension of the upstream 
wetland north of a berm called the “Gooseneck Berm”. During construction of the 
4m CT Wetland, some CT passed through the culvert in the Gooseneck Berm 
and formed a layer approximately 1m thick in the experimental area. Despite the 
young age of this wetland, it had more extensive macrophyte growth than TP9 
(pers. obs.). This “young” wetland is characterized by saline surface water 
(average of 2,240 pS/cm). It had low taxonomic diversity process-affected water 
from a large tailings pond adjacent to the wetland. The consisting of 7 
invertebrate families, but somewhat higher abundance of 502 invertebrates per 
colonization tile in 2001 (Leonhardt 2003).
This wetland should best demonstrate the ability of petroleum coke to 
stabilize, and potentially cap, soft tailings. If coke provides a more suitable
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Fig. 1.5. Jan ’s Pond, a) Photograph taken from the southern tip facing north on 
July 18, 2005. b) Schematic of Jan’s Pond traced from an aerial map, indicating 
the approximate location of in situ plots (numbered).
23
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
substrate for macrophyte and invertebrate colonization, it will be most evident in 
this wetland. The potential to observe the effects of coke leachates is minimal in 
this wetland, as it already contains elevated levels of oil sands constituents. 
Macrophyte species present in this wetland (Typha, Scirpus) are considered to 
be tolerant (Barbour et al. 1999, Crowe et al. 2001). The resident biota are likely 
to be tolerant of small additions of contaminants. The use of petroleum coke as 
a sediment amendment is likely to be most beneficial to this wetland, compared 
to TP 9 and SWSD.
Experimental Controls
To assess the validity of some of the assumptions made about study 
wetlands, two additional wetlands were sampled in the same manner as the 
study wetlands, to serve as reference locations. Beaver Pond (BP) is a natural 
wetland formed by a beaver dam built across the original channel of Syncrude 
Creek W 1, a small stream that entered the southwest corner of the Syncrude 
Lease area. The stream water itself was diverted into the Syncrude West 
Interceptor ditch in 1977 to avoid contamination by mining activity. The wetland 
was located on a section of the Syncrude lease that had not yet been cleared for 
mining activities. The age of this wetland is unknown, but it is assumed to be at 
least 30 years old, and thus can be grouped with SWSD as a “mature” wetland 
since it formed on existing peat land of indeterminate age. The water is 
somewhat elevated in conductivity (925 pS/cm) and salinity (0.5 ppt), possibly 
because it receives some sodic-enriched surface water from mine reclamation
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sands stockpiled 1 km away. Sampling of this wetland will help us to determine a 
baseline for contaminant concentrations in the Athabasca oil sands area in 2005.
U-Shaped Cell (USC) is a constructed wetland located in the heart of 
current mining operations on the Syncrude lease, next to Mildred Lake Settling 
Basin. It was built on top of a large stockpile of tailings sand adjacent to a 
petroleum coke ‘beach’ using a plastic liner to contain the water. Although no 
organic sediment was added to the wetland, significant amounts (a depth of 
approximately 5 cm) of Syncrude coke has blown into this wetland from adjacent 
stockpiles. The sediment contains very little organic matter. The water is has 
low conductivity (449 pS/cm), and low salinity (0.2 ppt). Samples from this 
wetland were collected to determine the concentrations of trace metals in 




This study was designed to investigate the utility of petroleum coke as a 
capping material for CT and MFT. Can petroleum coke be used as a cap, to 
contain the fine tailings and their associated contaminants? Sediments were 
contained within Rubbermaid totes dug into the substrate of SWSD, to examine 
the vertical mobility of contaminants and to limit the horizontal movement of pore 
waters (M.D. MacKinnon, Syncrude Canada Ltd., per. comm.). Selected 
treatment sediments were layered into 53-L Rubbermaid Roughneck Storage
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Totes (Fig 1.6). The bottom layer (30cm) consisted of native material (sediment 
dug from the wetland substrate), Syncrude CT or Syncrude MFT. The middle 
layer (10cm) (the “capping” layer) consisted of either Syncrude mine tailings 
sand, Syncrude coke or more of the material from the layer below. The top layer 
(2cm) consisted of either “peat” (‘peat-mineral mix’ - a mixture of muskeg and 
topsoil, salvaged from the pre-mining landscape, and typically used in terrestrial 
reclamation) or more of the material from the layer below. This experimental 
design results in a total of 18 different treatments. Two replicates (2x18)  of this 
design were placed in the reference wetland (SWSD) only in June 2002 
according to a stratified random design.
Sand was used as a similar-textured, inorganic, but non-toxic control for 
the coke. If coke is non-toxic, but impedes the establishment of wetland biota 
through lack of particulate organic material or sediment texture, then these two 
treatments should have identical effects on the invertebrate and macrophyte 
communities. In treatments using native sediment, the wetland material was 
excavated, and then placed into the tote, to serve as a control for the 
disturbance.
In Situ Project
This experiment was designed to investigate the utility of petroleum coke 
as a wetland substrate for the colonization of macrophytes and invertebrates. 
Flow do the physical and chemical properties of petroleum coke affect the 
colonization process of macrophytes and invertebrates? Many of the plants that
26
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Microcosm Experiment
A: Peat or more of material from below (2cm)
B: Syncrude Coke, Sand, or more of the material from below (10cm)
C: Native, CT, or MFT (30cm)
_b)_____________________________________ ________________________
Fig. 1.6. Microcosm experiment design, a) Photograph of Rubbermaid tote 
containing treatment sediments, before it was installed in the wetland sediment 
2002. b) Schematic of microcosm design.
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colonize these wetlands are clonal species, and would not be able to penetrate 
the barrier the Rubbermaid tote itself presented to subsurface growth of rhizomes 
in the microcosm experiment. This could mask potential effects the petroleum 
coke might have on the colonization success of macrophytes, and bottom-up 
effects on invertebrates.
Treatment patches were created by excavating 40-cm diameter x 10-cm 
deep holes in the substrate of the wetland. Sediments were then layered directly 
into this hole. The bottom layer (8cm) consisted of native material, sand, 
Syncrude coke or Suncor coke. The top layer (2cm) consisted of either peat or 
more of the material from the bottom layer (Fig. 1.7). This experiment was 
conducted in each of the three experimental wetlands.
In order to investigate how coke might affect the aquatic communities over 
time due to break down or succession, test patches were installed at several time 
points; September 2002, June and August 2003, June and August 2004. Three 
replicates of the treatments were placed in each wetland, at each of these time 
points according to a stratified random design. The test patches were evenly 
spaced around the perimeter of each wetland, so that they were at least 1 m 
apart.
THESIS STRUCTURE
This thesis is composed of five chapters. Chapter two investigates the 
effects of the sediment amendments of the in situ experiment on the 
macrophytes of the three study wetlands. Chapter three describes the effects of
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Layer A: Peat or material below (2 cm)
Layer B: Coke, Sand, or Native Sediment (10 cm)
Fig. 1.7. In situ experiment design, a) Photograph of one in situ plot installed in 
SWSD in 2003. b) Schematic of in situ plot design.
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the sediment amendments of the in situ experiment on the invertebrates 
communities colonizing the experimental plots of the three study wetlands. 
Chapter four discusses the implications of trace metal concentrations in wetland 
sediments, macrophytes and invertebrate compartments, measured from the 
Microcosm Experiment. In chapter five, the conclusions of the different 
components of this project are summarized.
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CHAPTER II 
EFFECTS OF PETROLEUM COKE SEDIMENT AMENDMENTS ON 
MACROPHYTES IN CONSTRUCTED WETLANDS 
INTRODUCTION
Macrophytes exert strong influences on community and ecosystem-level 
processes in wetlands. They influence nutrient dynamics (Asaeda et al. 2000), 
chemical and physical characteristics of the water column (Schriver et al. 1995, 
Priyadarshana et al. 2001, Rose and Crumpton 2006), predation (Schriver et al. 
1995), food availability (Adin and Riera 2003), and species assemblages of 
aquatic invertebrates (Zimmer et al. 2000) and waterfowl (Zedler 1993). 
Macrophyte communities, in turn, are affected by a variety of biotic and abiotic 
factors, such as hydrology, salinity, nutrient availability, disturbance, resource 
competition (Mitsch and Gosselink 2000), water depth and surface area (Duarte 
et al. 1986), water clarity (Zimmer et al. 2003), and chemical properties of the 
water and sediment (Vestergaard and Sand-Jensen 2000). The species pool 
hypothesis (Partel et al. 1996) states that the number of species that are 
regionally available for colonization will be the primary determinant of the local 
species richness, and that this is independent of any other biotic interactions. 
However, Barko and Smart (1986) suggested that the nature of the bottom 
sediments of wetlands is the most important factor influencing the composition of 
aquatic macrophyte communities.
Macrophytes also play an important role in the establishment of 
invertebrate communities in wetlands, de Szalazy and Rush (2000) found that 
there was higher biomass and diversity of colonizing insects in newly created
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wetlands with greater structural complexity due to macrophyte succession than in 
open water wetlands. The physical texture of the sediment may affect the rooting 
success of aquatic plants (Barko and Smart 1983). The pattern of succession in 
macrophyte communities can have broad implications for aquatic invertebrate 
communities, by affecting predation (Schriver et al. 1995) and food availability.
Biodiversity is often the characteristic that the public considers in the 
conservation of an ecosystem. Engelhardt and Ritchie (2001) questioned 
whether macrophyte diversity in wetlands could really be the sole determinant of 
the effectiveness of wetland function, stating that biodiversity may not positively 
affect ecosystem functioning ubiquitously. The oil sands operators of mine lease 
areas near Fort McMurray, Alberta are bound by the Environmental Protection 
and Enhancement Act of Alberta (EPEA), which requires reclamation of the post­
mining landscape to an equivalent land capability, compared to pre-disturbance. 
They must also take into account the intended end-uses of the land. The 
reclaimed land must be continuous with the surrounding landscape (Oil Sands 
Wetlands Working Group 2000). In a wet landscape reclamation option, oil 
sands operators wish to isolate the fine tails under a layer of water. If possible, 
the substrate would be capped this with topsoil, to speed establishment of viable, 
self-sustaining ecosystems above this fine tails layer (Fine Tails Fundamentals 
Consortium 1995b). Wetland revegetation will play a large role in meeting the 
reclamation standards set out by the EPEA. Flowever, the physical and chemical 
makeup of these wetlands may impede macrophyte establishment.
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In the past 20 years, several types of experimental “constructed wetlands” 
have been created by the oil sands companies. Wetlands composed of various 
OSPM wastes: fine tailings and process-affected water, are being examined in 
order to determine if this is an economical and environmentally acceptable 
landscape reclamation strategy. The unconsolidated nature of the fine tails may 
also present a problem in encouraging the growth of natural macrophyte 
communities, as these sediments may not provide a suitable substrate for rooting 
plants, and could be susceptible to re-suspension by wave action. High turbidity 
can limit the depth of light penetration which could reduce macrophyte 
photosynthesis (James et al. 2004).
The salinity of OSPW creates an osmotic stress for plants, which can lead 
to decreased photosynthesis (Crowe et al. 2001). However, Bendell-Young et al. 
(2000) showed that cattail (Typha latifolia L.) from wetlands affected by OSPW 
and fine tailings, displayed increased rates of photosynthesis in an apparent 
adaptation to this stress.
Cooper (2004) showed that CT may be a suitable substrate for wetland 
plants, as indicated by rapid colonization of study sites containing this material. 
However, when surficial sediments (containing a “seed bank”) from reference 
wetlands were mixed with CT in the laboratory, this impeded the emergence of 
seeds from the seed bank, compared to treatments lacking the CT. In a 
laboratory-based study, Luong (1999) found that CT had no significant impact 
(compared to natural local wetland sediment) on the growth of three macrophyte 
species (Myriophyllum spicatum L., Potamogeton richardsonii (Benn.) Rydb., and
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Chara vulgaris Linnaeus). The addition of process-affected water to the 
experiment impeded the growth of both M. spicatum and P. richardsonii. Chara 
vulgaris was much more tolerant of the higher salinity. Bishay (1998) found that 
constructed wetlands containing mainly Typha latifolia and Schoenoplectus 
tabernaemontani (K.C. Gmel.) Palla (=Scirpus validus Vahl) were capable of 
removing up to 200 mg/m2/d of hydrocarbons and 170 mg/m2/d of ammonia from 
oil sands waste waters. This could mean treatment wetlands may provide 
significant retention of these main constituents of oil sands waste waters. Under 
a regime of larger inputs of waste waters (4.9 cm/d vs. 1.6 cm/d), however, the 
production of these plants was significantly lower than control wetlands.
In the concept of “constructed wetlands” proposed by Golder Associates 
Ltd. (2000) to the oil sands operators, fine tailings were intended to be laid down 
to form the base of the wetlands, and then capped with muskeg (peat), which has 
been stockpiled from the original landscape. This muskeg has been salvaged 
from mined landscapes, and may serve as an inoculum for wetland plant seed 
banks and invertebrate species. This is expected to facilitate restoration 
trajectories of reclaimed wetlands (Stauffer and Brooks 1997), and to help 
discourage the diffusions of additional organic and inorganic pollutants from the 
fine tailings, although these were not the explicit purpose of this investigation.
Petroleum coke is a low density (Fedorak and Coy 2006), solid, 
carbonaceous product. Syncrude and Suncor together produce over 6 million 
tonnes of this waste product annually (Scott and Fedorak 2004). It is normally 
stored in terrestrial coke-cells or beaches, but space is limited. It may be
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possible to float the petroleum coke on the tailings, such that it provides the 
capacity to bear a load of muskeg (M.D. MacKinnon, Syncrude Canada Ltd., 
personal communication). The use of coke in wetland construction could reduce 
the amount of coke that has to be stored in the terrestrial environment while 
providing a benefit to reclamation of OSPM. If coke is found to be an inert 
product, it may be useful in “capping” the fine tailings, preventing the release of 
the associated organic and inorganic constituents. It may even remove colour 
and dissolved organics from the waters of the wetlands, similar to the action of 
activated charcoal (Shawwa et al. 2001).
Bitumen, from which petroleum coke is derived, naturally contains many 
constituents that, at high concentrations, are considered environmental 
contaminants. These may include, unrecovered hydrocarbons, polycyclic 
aromatic hydrocarbons (PAHs), and trace metals. Laboratory experiments 
conducted by Squires (2005) examined the composition of leachate pore-water 
of petroleum coke from both Syncrude and Suncor. These were found to contain 
elevated levels of many trace metals, such as V, Mo, Ni, Cd, and Z. Polycyclic 
aromatic hydrocarbons were not detected at significant levels. Microcosm 
amendments of petroleum coke did not significantly affect the metal 
concentration of pore waters or Chara tissues removed from the microcosm 
treatments (Chapter 4).
We wish to determine if the textural properties of coke will positively affect 
the establishment and growth of macrophytes and their community development 
in constructed wetlands. The purpose of this experiment was to examine the
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effect of petroleum coke sediment amendments on macrophytes in different 
types of experimental wetlands constructed with varying inputs of oil sands 
process- wastes. We also wished to determine adding a surface inoculation of 
organic material (peat) will have a positive effect on the establishment of 
macrophyte communities. I expected that the use of petroleum coke sediment 
amendments, as well as the use of peat would aid in the colonization of 
macrophytes in wetlands affected by tailings sediments by increasing its stability 
as well as nutrient availability, respectively, of the clay fines.
Measures of Wetland Community Restoration Success
Policy decisions about ecological restoration are difficult because there 
are many different processes, scales and time periods from which observations 
can be made (Milon and Scrogin 2006). Tilman et al. (2006) suggest that 
measures of standing crop biomass in plant communities increase asymptotically 
with increasing plant biodiversity. Biomass is often used as a measure of 
macrophyte success in experiments involving sediment amendments (see for 
example Barko and Smart 1986, Luong 1999, Bendell-Young et al. 2000, Chipps 
et al. 2006).
Barko and Smart (1986) have shown that macrophytes can respond to 
sediment infertility by increasing their Root vs. Shoot biomass. Sediments that 
lack nutrients (most notably N and P) will cause macrophytes to increase their 
root structures, likely to increase the absorptive surface area exposed to the
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sediment. This general response to stress can also be induced in plants that are 
exposed to high levels of trace metals (Greger and Kautsky 1991).
To assess macrophyte responses I measured percent cover, biomass, 
root-shoot relationships and species richness of the macrophytes colonizing 40- 
cm diameter patches of wetland substrate that had been excavated and filled 
with native sediment, sand, or coke and covered with a thin layer of peat.
MATERIAL AND METHODS 
Sampling Sites
To examine the effect of petroleum coke sediment amendments on 
macrophyte growth and species establishment, the in situ experiment was 
installed in three constructed wetlands, SWSD, TP9, and JP over several time 
points in the summers of 2002-2004. Treatment patches were created by 
excavating 40-cm diameter x 10-cm deep holes in the substrate of the wetland. 
Sediments were then layered directly into this hole. The bottom layer (8cm) 
consisted of native material (excavated from the hole are replaced), sand, 
Syncrude coke or Suncor coke. The top layer (2cm) consisted of either peat or 
more of the material from the bottom layer. This experiment was conducted in 
each of the three experimental wetlands.
SWSD serves as a natural (or reference) wetland in this study. It formed 
from a depression created by excavating material to build a berm along the south 
margin of another wetland, Shallow Wetland, in the reclaimed landscape, in 
1993. Although this wetland is “constructed”, it received no inputs of oil sands
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waste materials. The water has relatively low conductivity (600 |jS/cm), and the 
sediment is 5.2% organic material, determined by Loss on Ignition (LOI) 
(Ganshorn 2002). Species of macrophytes present were identified by Ganshorn 
in 2001, as mainly Typha, Carex and significant amounts of Chara. We assume 
SWSD has sediment similar to that of a natural wetland of similar age and size, 
which might be found outside of the oil sands mining area. Thus, the addition of 
petroleum coke would not significantly alter the texture of the substrate.
TP9 was created in 1993. The initial water volume was 6,000 m3 (Golder 
Associates Ltd. 2002). The substrate consists of layer of clay that had been 
stockpiled from the original landscape, and was filled with a one-time input of 
process-affected water from the Mildred Lake settling Basin. The surface water 
is saline (averaging 1700 pS/cm). Macrophyte growth was limited in this wetland 
previous to the start of this project (2002), consisting of sparse colonies of 
cattails, T. latifolia. If the textural properties of petroleum coke amendments 
exert positive effects on macrophyte colonization, it will likely be evident in this 
wetland. However, it might be possible to also see the effects of coke leachates 
on macrophytes, as the sediment of TP9 does not contain significant amounts of 
oil sands process materials and associated contamination.
The JP wetland was constructed in 1999 and filled with water in spring 
2000. The sediment surface formed from outflow of CT sediments of a nearby 
upstream wetland (4m CT Wetland), which has a 4-m base layer of consolidated 
tailings. The JP wetland receives process-affected water through a culvert from 
the upstream wetlands. Despite the younger age of this wetland, it has more
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extensive macrophyte growth than TP9 (pers, obs.). This “young” wetland is 
characterized by saline water (average of 2,240 pS/cm). JP wetland should best 
demonstrate the ability of petroleum coke to stabilize, and potentially cap, soft 
tailings. If coke provides a more suitable substrate for macrophyte and 
invertebrate colonization than the existing ‘native substrate’, it will be most 
evident in this wetland. The potential to observe the effects of coke leachates is 
minimal, as it already contains elevated levels of oil sands constituents. Species 
present in this wetland are considered to be tolerant species (Barbour et al.
1999, Crowe et al. 2001). The resident biota are likely to be tolerant of small 
additions of contaminants. The use of petroleum coke as a sediment 
amendment is likely to be most beneficial to this wetland, compared to TP 9 and 
SWSD.
Water chemistry parameters, percent cover, and macrophyte biomass 
were measured in each individual in situ plot from this experiment during the 
period July-August, 2005. Complementary, identical sampling was done in the 
reference wetlands, BP (July 19, 2005) and USC (July 20, 2005). These 
additional wetlands served to set expected upper and lower bounds of measured 
macrophyte parameters from the in situ project. General characteristics of 
macrophytes common to these wetlands are shown in Table 2.1. Methods will be 
described in the order that the samples/ measurements were collected.
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Percent Cover Estimation
Macrophyte cover was used as a non-destructive method to estimate the 
abundance of macrophytes growing directly in each in situ plot. Removal of 
plants would disturb the sediments, and disrupt the community structure, and 
thus was undesirable during the construction and observation period of the in situ 
experiments. Data were collected in mid-summer of 2003, 2004 and 2005. Data 
were not collected from SWSD in 2004, and due to excessive turbidity, it was not 
possible to determine percent cover in TP9 in 2005.
Percent cover was estimated by looking directly down at the top of each in 
situ plot, and visually estimating the proportion of bottom sediments that were 
covered by macrophytic growth. Macrophytes with large horizontal leaf 
structures were not present in any of the in situ plots.
Biomass Collection, Processing, Species Identification and Enumeration
The entire biomass of macrophytes was collected from each of the in situ 
plots from each wetland, approximately during the period of highest productivity 
of these wetlands, late summer 2005. Plants were harvested from SWSD on 
August 1-4, 2005, from TP9 on July 25-27, 2005, and from JP on July 21-22, 
2005.
All macrophytes were hand pulled from the surface of the treatment 
sediments. This was accomplished by placing a frame of plastic tubing around
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Annual Net Primary 
Production (DW) Metai Tolerance
Typha latifolia 0-90 cm 1 50 cm 1 456-848 g/m2 18 Very To le ran t13
Carex lacustris 10-45 cm 2 20 cm 6 1181 g/m29 Very To le ran t14
Scirpus lacustis var. validus 0-120 cm 1 0-20 cm 1 686 g/m2 1 Tolerant-reduced chlorophyll a 15
Chara spp. Up to 14 m 3 30-75 cm 7 478 g/m2 10 Less Tolerant-reduced growth 16
Potamogeton pusillus 0.25-6 m 4 72 c m 8 90 g/m211 Less tolerant that Typha 17
Potamogeton pectinatus 0.25-1 m 5 59 c m 8 73 g/m2 12 Sensitive-stress proteins 18
1(Shay & Shay 1986)1986 2(Budelsky & Galatowitsch 2000) 3(Forsberg 1965) 4(Wetzel 1983) 5(Sheldon & Boylen 1977) 
6(L. Squires & Vandervalk 1992) 7(Coops & Doef 1996) 8(Sabbatini et al. 1998) 9(Klopatek & Stearns 1978) 10(Ariosa et al. 
2004) 11(Schutten et al. 1994) (Blindow 1992) 13(McNaughton et al. 1974) u (Matthews et al. 2005) 15(Suseela et al. 
2002) 16(Heumann 1987) 17(Yurukova & Kochev 1994) 18(Greger & Kautsky 1991)19(Lieffers 1983)
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each in situ plot, and determining which plants were growing inside of this frame. 
In TP9 and JP a shovel was used to cut down the edges of each plot as 
delineated by the frame, all plants and roots were then pulled up, and most 
sediment was rinsed off in the wetland. In SWSD, plant material consisted 
almost exclusively of Chara vulgaris (Charophyta: Characeae). In most cases, 
this plant formed a continuous mat over the bottom of the wetland, superficially 
rooted in the sediment. Where Chara growth met the boundaries of an in situ 
plot, a disposable plastic knife was use'd to aid in cutting the plant at the outside 
edge of the plot, and this mat of material was collected.
The entire sample of macrophytes collected from each in situ plot was 
placed into a clean black garbage bag, which was sealed with labelled flagging 
tape, denoting the sample number. Samples were transported to the laboratory 
and processed within 48 h of collection.
In the lab, each bag was emptied into a large basin. Tap water was used 
to carefully rinse the remaining sediment from the plants. Individual plants were 
separated, identified to species (Johnson et al. 1995, Lahring 2003), and 
enumerated. The above ground growth of each plant was separated from the 
roots with scissors. These were grouped by species for the plot, blotted with 
paper towels and placed into labelled, pre-weighed paper bags. Above ground 
(“shoots”) and root tissues were placed into separate bags for each species.
The samples were allowed to air dry in a greenhouse (daily average temperature 
of approximately 40° C), for several weeks. Each bag was then reweighed to the 
nearest 0.01 g and recorded.
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Sampling Beaver Pond and U-Shaped Cell
In order to determine random sampling locations from each of these 
wetlands, the entire edge of the wetland was divided into numerous equal 
portions, which were marked with numbered stakes. Using a random number 
table, five numbered sections were chosen as sampling sites from each wetland.
A frame was constructed from 1” thick plastic pipe, to the exact size of the 
top the enclosures used in the microcosm study. At each randomly chosen 
numbered location in Beaver Pond and USC, this frame was placed by blindly 
throwing it into the wetland. Where it landed, it was secured to the bottom 
sediment, and all sampling took place only within this frame, to mimic the 
restricted area of sampling within the totes in SWSD.
The same sampling and processing techniques used in the in situ 
experiment were used to collect and process samples from BP and USC. 
However, there was so little macrophyte growth in USC, that no plants were 
collected. BP macrophyte data were collected from a slightly larger area than 
that of the in situ experiment; data were thus appropriately scaled to be 
comparable with in situ data.
Statistical Analyses
Analyses were conducted for each wetland separately. Due to the site 
specific differences in the construction, waste content and resident communities, 
comparisons between wetlands are inappropriate.
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Percent Cover
Because water depth can influence macrophyte growth and reproduction 
(Lieffers and Shay 1981) the percent cover was plotted against depth for each 
wetland for each year. The depth limits to reasonable plant growth were 
ascertained by examining each plot (Fig 2.1-2.3). Data points that represented 
plots at which depths exceeded the threshold for plant growth were then 
excluded from further analysis. To correct for non-normality (determined by 
analysis of residuals), transformations were applied to SWSD (2003, 2005), JP 
(2003, 2004), TP9 (2003, 2004). TP9 2004 and JP 2005 data were normally 
distributed, and thus were not transformed.
Data collected from each year within each wetland were analysed in 
separate 3-way factorial ANOVAs (Appendices 1a-c), with depth as a continuous 
covariate. Factors included 1) base treatment 2) surface treatment 3) installation 
date (number of frost free days of growth) (categorical data). All analyses were 
performed using the General Linear Modelling module of Statistica 6.1 (StatSoft 
Inc., 2003).
Biomass
The mass of dried plant materials was analysed as a dependent variable, 
expressed as density (g/m2). Biomass data were logi0(x+1) transformed prior to 
analysis. Macrophyte species that were not present in at least 10%^of plots were 
not analysed, but this biomass was still included in the analysis of total biomass 
of each in situ plot. Multi-way analyses (factors include base treatments, surface
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Fig. 2.1. Visual estimation of depth limitation of macrophyte growth in SWSD, 
determined from percent cover data collected in a) 2003 and b)2005 (no limitation 
apparent).
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Fig 2.2. Visual estimation of depth limitation of macrophyte growth on in situ 
patches in TP9, determined from percent cover data collected in a) 2003 and b)
2004.
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Fig 2.3. Visual estimation of depth limitation of macrophyte growth on in situ patches in 
JP, determined from percent cover data collected in a) 2003 and b) 2004 and c) 2005.
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treatments, and duration of treatments, with depth as a continuous covariate), 
were used to test for significant differences due to sediment treatment type on the 
following dependent variables.
Root - Shoot (R:S) Biomass Relationships
Dry biomass of root and shoot materials for each macrophyte species 
(Tables 2.2-2A) in each wetland were analyzed using separate 3-way ANCOVAs 
for each wetland, to determine the homogeneity of the slopes of root biomass vs. 
shoot biomass regression lines for each treatment, with depth as a blocking 
covariate.
Species Richness
The number of species per in situ plot in 2005 was counted. These data 
were normally distributed, and thus were not transformed prior to analysis.
Species richness for each wetland was analysed using a 3-way ANOVA, with 
depth as a covariate.
RESULTS 
Dissolved Oxygen Content of Overlying Waters
Mean ± SE DO concentration was 13.79 ± 0.82 mg/L for SWSD, 11.05 ±
1.79 mg/L for TP9, and 7.43 ± 0.21 mg/L for JP as measured in 2005 (see 
Appendix 1 for all raw data from this chapter).
53

















Table 2.2. Summary of mean (±SE) of in situ treatment effects on measured characteristics in SWSD, recorded in 2005. 
Data are presented for each of the three factors of the ANOVA (ANCOVA for Root-Shoot relationships) base treatments, 
surface treatments, and duration of treatment (frost free days only). Probability values are based on ANOVA/ANCOVA 
results. Results significant at p<0.05 are bolded; results significant at p<0.10 are indicated with italics.
FACTOR BASE p value n
NATIVE ±SE SAND ±SE SYN COK ±SE SUN COK ±SE
Total Biomass (g/m2) 82.49 9.604 58.14 7.897 78.11 9.213 69.67 9.205 0.244724 30
Species Richness 2.16 0.118 2.23 0.078 2.20 0.111 2.36 0.101 0.683210 30
Chara Biomass (g/m2) 74.69 10.131 51.78 8.223 73.75 9.706 63.05 9.511 0.302198 30
P. pectinatus Biomass (g/m2) 0.72 0.372 1.36 0.534 0.30 0.115 0.69 0.301 0.275113 30
P. pusillis Biomass (g/m2) 5.48 1.621 4.98 1.144 4.05 1.182 5.92 1.636 0.845151 30
FACTOR SURFACE p value n
PEAT ±SE NO PEAT ±SE
Total Biomass (g/m2) 70.56 6.796 73.65 6.027 0.668760 60
Species Richness 2.23 0.068 2.25 0.077 0.937997 60
Chara Biomass (g/m2) 65.61 7.061 66.03 6.347 0.889569 60
P. pectinatus Biomass (g/m2) 0.78 0.262 0.76 0.256 0.980884 60
P. pusillis Biomass (g/m2) 4.15 0.866 6.06 1.097 0.250553 60
FACTOR TREATMENT LENGTH (cumulative frost free days) p value n
(Installation Date) Spr 04 Sum 03 Spr 03 Sum 02 Spr 02
107 ±SE 187 ±SE 208 ±SE 269 +SE 318 ±SE
Total Biomass (g/m2) 44.87 8.852 71.15 10.264 77.02 10.863 90.03 10.205 77.47 8.682 0.078 24
Species Richness 2.41 0.133 2.12 0.125 2.45 0.104 2.04 0.095 2.16 0.098 0.147 24
Chara Biomass (g/m2) 39.97 8.471 63.27 11.070 70.10 11.533 85.32 10.772 70.44 9.344 0.144 24
P. pectinatus Biomass (g/m2) 0.68 0.285 1.60 0.575 0.54 0.271 0.14 0.108 0.87 0.564 0.182 24


















Table 2.3. Summary of mean (±SE) of in situ treatment effects on measured characteristics in TP9, recorded in 2005. 
Data are presented for each of the three factors of the ANOVA (ANCOVA for Root-Shoot relationships) base treatments, 
surface treatments, and duration of treatment (frost free days only). Probability values are based on ANOVA/ANCOVA 
results. Results significant at p<0.05 are bolded; results significant at p<0.10 are indicated with italics.
FACTOR BASE p value n
NATIVE +SE SAND ±SE SYN COKE ±SE
Total Biomass (g/m2) 17.77 5.539 23.51 9.444 27.73 15.027 0.277951 30
Species Richness 1.53 0.157 1.27 0.163 1.16 0.144 0.141547 30
Chara Biomass (g/m2) 0.71 0.315 0.30 0.215 1.63 0.865 0.691497 30
P. pusillis Biomass (g/m2) 2.69 0.570 2.14 0.518 3.08 0.811 0.889072 30
T. latifolia Total Biomass (g/m2) 14.36 5.595 20.93 9.412 23.02 14.961 0.134358 30
T. latifolia R:S 0.14 0.050 0.19 0.083 0.15 0.087 0.980164 30
FACTOR SURFACE p value n
PEAT +SE NO PEAT +SE
Total Biomass (g/m2) 23.20 9.497 22.80 7.990 0.666653 45
Species Richness 1.20 0.119 1.44 0.133 0.437686 45
Chara Biomass (g/m2) 0.53 0.260 1.23 0.579 0.579345 45
P. pusillis Biomass (g/m2) 2.30 0.451 2.98 0.590 0.842053 45
T. latifolia Total Biomass (g/m2) 20.28 9.440 18.58 7.992 0.611910 45
T. latifolia R:S 0.17 0.070 0.15 0.050 0.574337 45
FACTOR TREATMENT LENGTH (cumulative frost free days) p value n
(Installation Date) Sum 04 Spr 04 Sum 03 Spr 03 Sum 02
75 ±SE 147 ±SE 175 ±SE 241 ±SE 256 +SE
Total Biomass (g/m2) 6.70 2.043 45.78 22.879 34.48 17.197 9.44 4.322 19.23 9.823 0.2819 18
Species Richness 1.11 0.241 1.55 0.166 1.58 0.211 1.00 0.198 1.38 0.164 0.2485 18
Chara Biomass (g/m2) 2.60 1.424 0.37 0.302 0.52 0.221 0.43 0.407 0.49 0.280 0.1931 18
P. pusillis Biomass (g/m2) 1.84 0.631 2.89 0.649 4.05 1.334 1.56 0.445 2.95 0.850 0.4162 18
T. latifolia Total Biomass (g/m2) 2.25 1.546 42.31 22.738 29.90 17.201 7.45 4.425 15.78 9.953 0.2847 18


















Table 2.4. Summary of mean (±SE) of in situ treatment effects on measured characteristics in JP, recorded in 2005. Data 
are presented for each of the three factors of the ANOVA (ANCOVA for Root-Shoot relationships) base treatments, 
surface treatments, and duration of treatment (frost free days only). Probability values are based on ANOVA/ANCOVA 
results. Results significant at p<0.05 are bolded; results significant at p<0.10 are indicated with italics.
FACTOR BASE p value n
NATIVE ±SE SAND ±SE SUN COK ±SE
Total Biomass(g/m2) 128.15 59.974 122.57 28.061 108.20 27.632 0.195501 20
Species Richness 1.150 0.150 1.40 0.133 1.25 0.160 0.270178 20
C. lacustris Total Biomass(g/m2) 10.26 4.793 11.05 4.077 6.52 3.529 0.579848 20
C. lacustris R:S 0.13 0.068 0.56 0.341 0.11 0.059 0.729059 20
S. lacustris Total Biomass(g/m2) 83.78 61.732 38.25 15.656 47.48 20.320 0.703416 20
S. lacustris R:S 1.70 0.757 0.72 0.326 1.30 0.487 0.510997 20
T. latifolia Total Biomass(g/m2) 33.84 12.329 72.37 26.881 54.09 24.537 0.081597 20
T. latifolia R:S 0.56 0.273 0.31 0.098 0.44 0.136 0.499886 20
FACTOR SURFACE p value n
PEAT ±SE NO PEAT +SE
Total Biomass(g/m2) 99.93 18.120 139.35 43.569 0.405609 30
Species Richness 1.30 0.128 1.23 0.114 0.540147 30
C. lacustris Total Biomass(g/m2) 12.15 3.633 6.41 3.039 0.195771 30
C. lacustris R:S 0.43 0.231 0.12 0.050 0.432192 30
S. lacustris Total Biomass(g/m2) 48.31 15.089 64.70 41.788 0.835720 30
S. lacustris R:S 0.84 0.290 1.63 0.563 0.121540 30
T. latifolia Total Biomass(g/m2) 38.71 13.742 68.15 21.407 0.382467 30
T. latifolia R:S 0.26 0.0725 0.61 0.196 0.307756 30
FACTOR TREATMENT LENGTH (cumulative frost free days) p value
(Installation Date) Spr 04 Sum 03 Spr 03 Sum 02
98 ±SE 169 ±SE 193 ±SE 250 ±SE
Total Biomass(g/m2) 133.18 34.379 101.76 33.823 115.19 25.344 121.32 70.192 0.7483
Species Richness 1.33 0.161 1.25 0.130 1.15 0.153 1.29 0.205 0.3073
C. lacustris Total Biomass(g/m2) 11.90 5.335 9.51 5.104 7.39 4.202 7.78 4.245 0.6362
C. lacustris R:S 0.19 0.080 0.18 0.090 0.10 0.077 0.55 0.402 0.6873
S. lacustris Total Biomass(g/m2) 39.75 21.811 31.34 18.966 54.99 24.669 93.16 71.688 0.1762
S. lacustris R:S 0.80 0.411 0.92 0.646 0.89 0.329 2.19 0.885 0.8824
T. latifolia Total Biomass(g/m2) 81.23 32.071 60.80 33.246 52.80 20.300 19.29 7.834 0.1959




Macrophyte cover appeared to be limited at depths greater than 65 cm in 
2003, but this effect was not evident in the 2005 observations (Fig. 2.4). Percent 
cover observations collected in 2003 indicate that base and surface treatments 
did not significantly affect the growth of macrophytes at this time (Table 2.5). 
However, the length of time that the in situ plots were in place did significantly 
affect macrophyte cover (Fig. 2.4a). Those plots that had only been in place for 
27 frost-free days (installed in spring 2003) (frost-free days determined by 
Chetner and AAWG 2003) had significantly less cover (2% vs. 28%) than did 
plots in place for 88 (installed in late summer of 2002), and 127 frost-free days 
(installed in spring 2002) (planned comparison of 27 d (less than one year) 
treatment vs. older than one year treatments, p<0.001). There were no 
significant interactions among treatments (p>0.05).
Observations of cover on situ plots in 2005 revealed that the base 
treatments again had no effect on the growth of macrophytes. The surface 
amendment of peat did have a highly, significantly negative impact (Fig. 2.4b), 
reducing the average cover from 93 ± 2.5% to 84 ± 3.3%. Again, the installation 
date of the in situ plot had a highly significant effect, where younger plots had 
less macrophyte cover than older plots (Fig. 2.4c) (planned comparison of 107d 
treatment, vs. older treatments, p<0.001). There were no significant interactions 
(p>0.05).
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Fig. 2.4. Proportional cover (±SE) of macrophytes on SWSD in situ treatments, 
a) The effect of the installation date (shown as number of frost free days of 
growth) of the in situ plots on cover recorded in 2003. b) The effect of surface 
treatment on cover, recorded in 2005. c) The effect of the installation date 
(shown as number of frost free days of growth) of the in situ plots on cover, 
recorded in 2005.
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Table 2.5. Summary of average proportion of macrophyte cover (±SE) on in situ 
plots in each wetland as recorded in 2003, 2004, and 2005. Data are presented 
for each of the three factors of the ANOVA: base treatments, surface treatments, 
and length of treatment. Probability values are based on ANOVA results.
Results significant at p<0.05 are bolded; results significant at p<0.10 are 
indicated with italics.
WETLAND-YEAR BASE p value
NATIVE ±SE SAND ±SE SYN COKE +SE SUN COKE ±SE
SWSD 2003 0.222 0.0685 0,191 0.0581 0.177 0.0661 0.198 0.0600 0.6856
SWSD 2005 0.935 0.0399 0.871 0.0359 0.890 0.0445 0.843 0.0467 0.3801
TP9 2003 0.004 0.0029 0.019 0.0115 0.006 0.0056 0.3791
TP9 2004 0.238 0.0621 0.239 0.0546 0.288 0.0719 0.3714
JP 2003 0.165 0.0979 0.096 0.0315 0.154 0.0722 0.9961
JP 2004 0.146 0.0651 0.086 0.0344 0.144 0.0535 0.7206
JP 2005 0.494 0.0848 0.560 0.0666 0.512 0.0870 0.8906
WETLAND-YEAR SURFACE p value
PEAT ±SE NO PEAT ±SE
SWSD 2003 0.211 0.0483 0.183 0.0395 0.6960
SWSD 2005 0.840 0.0330 0.929 0.0248 0.0111
TP9 2003 0.019 0.0085 0.000 0.0007 0.0301
TP9 2004 0.239 0.0514 0.271 0.0513 0.4622
JP 2003 0.073 0.0203 0.203 0.0767 0.4098
JP 2004 0.105 0.0348 0.145 0.0492 0.6819
JP 2005 0.603 0.0632 0.441 0.0632 0.1287
WETLAND-YEAR INSTALLATION DATE p value
SPR 02 ±SE SUM 02 ±SE SPR 03 ±SE SUM 03 ±SE SPR 04 ±SE
SWSD 2003 0.281 0.0552 0.285 0.0619 0.025 0.0104 0.0001
SWSD 2005 0.916 0.0372 0.941 0.0253 0.958 0.0246 0.941 0.0331 0.666 0.0706 0.0001
TP9 2003 0.000 0.0000 0.027 0.0121 0.002 0.0028 0.0447
TP9 2004 0.383 0.0874 0.238 0.0746 0.247 0.0678 0.152 0.0488 0.0668
JP 2003 0.164 0.0568 0.099 0.0571 0.5060
JP 2004 0.132 0.0537 0.158 0.0575 0.081 0.0391 0.8241
JP 2005 0.567 0.0915 0.556 0.1032 0.604 0.0997 0.400 0.0744 0.4789
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of reaching apparent maximum substrate coverage after between 107 and 187 
days of frost-free growth (approximately 1-2 summers).
TP9
Macrophyte cover appeared to be limited by depths greater than 35cm in 
2003, and 28cm in the 2004 observations (Fig. 2.5).
Macrophyte cover on in situ plots observed 2003 and 2004 in this wetland 
was not significantly affected by base amendments in either year (Table 2.5). 
However, adding a surface layer of peat significantly increased the cover of 
macrophytes from negligible amounts on the no peat treatments to approximately 
2% (Fig. 2.5c).
The installation date of the in situ plot had a significant impact on the 
cover of macrophytes in 2003 (Table 2.5). Macrophyte establishment was 
highest at 2.7% cover, on plots installed in the spring of 2003 (14 days of frost 
free growth at time of observation), and negligible at the other time points.
JP
Macrophyte cover appeared to be limited at depths greater than 32 cm in
2003. This impact was not visible in 2004 or 2005 measurements (Fig. 2.3).
None of the factors measured had a significant impact on the growth of 
macrophytes on the in situ plots installed in this wetland, as measured in 2003,
2004, and 2005.
60
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




64 88 159 174










N o Peat Peat
Surface T redment
Fig. 2.5. Proportional cover (+SE) of macrophytes on TP9 in situ treatments, a) 
The effect of the installation date (shown as number of frost free days of growth) 
of the in situ plots on cover recorded in 2003. b) The effect of the installation 
date (shown as number of frost free days of growth) of the in situ plots on cover, 
recorded in 2004. c) The effect of surface treatment on cover, recorded in 2003.
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Biomass Data Analysis
All biomass data are presented in Tables 2.2-2.4. Biomass data were also 
collected from the reference wetland, Beaver Pond. The mean ± SE dry mass of 
biomass was 16.8 ± 10.1 g/m2 (n=5). Carex lacustris Willd, accounted for the 
majority of biomass with a mean of 14.1 ± 5.4 g/m2. Carex utriculata Boott was 
observed on only one random plot with a biomass of 13.4 g/m2. The mean total 
dry biomass of macrophytes in BP was lower than that recorded in the 
experimental wetlands studied in 2005.
The highest recorded dry biomass of C. lacustris in BP in 2005 was 19.75 
g/m2, which was 2 orders of magnitude lower than net primary productivity 
measures reported in literature (see Table 2.1). This may be the result of our 
difficulty in retrieving all the root structures of plants at the time of sampling in
2005.
SWSD
The average dry total biomass of macrophytes on in situ plots in SWSD 
was 72.1 ± 49.6 g/m2. Chara accounted for most of this biomass with an average 
of 65.8 +51.8 g/m2. Potamogeton pectinatus L. (=Stuckenia pectinatus L. 
Boerner) averaged 0.8 ± 2.00 g/m2, and Potamogeton pusillus L. averaged 5.1 ± 
7.7 g/m2 on in situ plots. Biomass of each species, as well as the combined total 
biomass of species was not significantly affected by the base or surface 
amendments, or by the length of treatment (Table 2.2).
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The highest recorded biomass of Chara, the dominant macrophyte on in 
situ plots was 190.2 g/m2. This is markedly lower than previously recorded 
measures of net primary productivity in literature, of 478 g/m2. Potamogeton spp. 
were only found in small amounts on any single in situ plot, and were never 
found growing alone.
TP9
The average dry biomass of macrophytes on in situ plots in TP 9 was 23.0 
± 58.1 g/m2. Typha latifolia accounted for most of this biomass with an average 
of 19.4 ± 57.2 g/m2. Potamogeton pusillus averaged 2.6 ± 3.2 g/m2, and Chara 
averaged 0.9 ± 3.0 g/m2. The biomass of each species, as well as the combined 
biomass of all species was not significantly affected by the base or surface 
treatments, or by the length of treatment (Table 2.3). For all species, there was a 
non-significant trend towards increased biomass on Syncrude coke treatments 
vs. native treatments (Table 2.3); however, variability for all these measures was 
very high, making it difficult to detect differences.
The highest recorded biomass of macrophytes on a single plot in TP9 was 
365.6 g/m2 for T. latifolia, 20.5 g/m2 for P. pusillus (found alone), and 24.6 g/m2 
for Chara (found alone). These observations are lower than net primary 
productivity measures recorded by other researchers (Table 2.1) for the same 
species. The average biomass, as well as the largest observation of Chara was 
much lower than that seen in SWSD.
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JP
The mean total dry biomass of macrophytes in situ treatments in JP in 
2005 was 119.6 ± 182.3 g/m2. Scirpus lacustris var. validus (Vahl) T. Koyama 
(recently renamed as Schoenoplectus tabernaemontani (K.C. Gmel.) Palla, but 
the more widely recognized name will be used here) accounted for an average of 
56.5 ± 170.8 g/m2, T. latifolia biomass averaged 53.4 ± 90.8 g/m2 and C. lacustris 
averaged 9.3 ± 18.4 g/m2. The biomass of each species, as well as their 
combined biomass, was not significantly affected by any of the in situ treatment 
sediments, or the length of treatment (Table 2.4).
The highest observed biomass of macrophytes on in situ patches was 
1228.3 g/m2 for S. lacustris, 75.6 g/m2 for C. lacustris, and 468.8 g/m2 for T. 
latifolia. The largest occurrence of biomass for S. lacustris is twice as large as 
the net primary productivity reported by other researchers, but Carex biomass 
was much lower than reported levels (Table 2.1). The largest occurrence of 
Typha in this wetland fell within the normal range of annual biomass of Typha 
recorded in the Fort McMurray area (Lieffers 1983). The mean biomass, as well 
the largest occurrence of Typha was larger than any that was observed in TP9.
Root - Shoot Relationship
Root-shoot data are summarized in Tables 2.3-2.4. These data were not 
collected from SWSD, as the predominant macrophyte species present, Chara 
was only superficially associated with the sediment, and thus did not possess 
significant root biomass that could be reliably retrieved from the wetland.
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TP9
Typha latifolia R:S averaged 0.7 ± 0.58, indicating that the majority of 
growth was allocated to above ground tissues in 2005. This R:S ratio was not 
significantly affected by the base or surface treatments of the in situ experiment. 
However, the length of treatment did significantly affect the R:S ratio (Table 2.3). 
Typha latifolia growing on in situ patches that had been installed for 175 frost free 
days, had a higher R:S ratio than other treatment lengths, where more growth 
was allocated to above ground tissues (Fig. 2.6).
JP
The average R:S ratio for C. lacustris was 1.0 ± 1.58, indicating that there 
were relatively equal amounts of above-ground and below-ground tissues.
Scirpus lacustris averaged an R:S of 3.2 ± 3.01, where there was 3 times more 
root biomass than above-ground tissue. Typha latifolia mean R:S was 0.9 ±
0.99, where this average was higher than that observed in TP9. The R:S ratios of 
all macrophytes in this wetland were not significantly affected by in situ sediment 
amendments, or by the length of treatment (Table. 2.4).
Macrophyte Species Richness
Species richness data are summarized in Tables 2.2-2.4. Generally, 
species richness on in situ plots was low. Richness in SWSD in situ plots ranged 
from 1-3 species, with a total of 4 species recorded within any plot for the entire 
experiment. SWSD had the highest recorded macrophyte species richness (26
65














75 147 175 241 256
Frost Free Days o f Growth
TP9
p=0.0023
Fig. 2.6. Mean (±SE) root vs. shoot dry biomass ratio of Typha latifolia growing 
on in situ patches of varying lengths of treatment time, in TP9 in 2005. Data 
represented show results with variation due to other treatments as well as depth 
removed.
66
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
species) of the 5 wetlands studied, including the control wetland, Beaver Pond 
(17 species) (Table 2.6). Random plots sampled in BP in 2005 contained 1-2 
species. Richness in TP9 in situ plots ranged from 0-3 macrophyte species with 
a total of 3 species recorded throughout the experiment. Only 6 macrophyte 
species have been recorded in TP9 (Table 2.6), which is the lowest species 
richness, except for the reference coke wetland, USC at 4 macrophyte species. 
The JP in situ plots contained from 0-3 macrophyte species, with a total of 4 
recorded species in the experimental plots. The CT wetlands (including JP) have 
a low overall macrophyte species richness, with a total of 8 macrophyte species 
observed.
In situ sediment amendments had no significant impact the macrophyte 
species richness observed in 2005 on these plots, in any of the three wetlands 
studied, nor did the length of treatment (Tables 2.2-2.4).
DISCUSSION 
Percent Cover Analysis
The macrophyte cover of in situ plots in SWSD in 2003 appeared to be 
similar to JP, whereas TP9 showed very little macrophyte growth in 2003. As the 
water depth increased in SWSD from 2003 to 2005, the dominant plants changed 
from emergent species, such as that seen in JP and TP9, to domination by 
Chara, a weedy, fast-growing macroalga, which bears little association to the 
sediment (Crawford 1979). The JP appeared to have greater macrophyte growth 
than TP9, despite its younger age and substrate of fine tailing sediment to JP.
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Table 2.6. Species composition and overall species richness values in study 
wetlands obtained from Cooper (2003), Hornung and Foote (2006), Daly (2007), 
and personal observation. (SWs-Shallow Wetlands, includes SW and SWSD, 
CTWs-all CT wetlands, including JP).
SPECIES SWs TP9 CTWs BP u se
Anemone canadensis X
Carex lacustris X X
Carex spp. X X X X X
Carex utriculata X
Certaophyllum demersum X X
Chara sp. X X
Eleocharis sp. X
Elodea canadensis X
Equisetum fluviatile X X X
Equisetum palustris X
Galium trifidum X X
Glyceria borealis X
Hippuris vulgaris X
Lemna minor X X
Mentha sp. X
Myriophyllum exalbescens X X
Nuphar pumila X
Poa sp. X X X
Polygonum amphibium X X
Potamogeton pectinatus X X X





Scirpus lacustris var. validus X X X
Scutellaria galericulata X




Triglochin maritima X X X X
Typha latifolia X X X X X
Utricularia intermedia X
Species Richness 26 6 7 16 4
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Water in TP9 waters is turbid, due to the presence of clay, and the 
sediment contains only small amounts of organic materials. The JP may possibly 
be more suitable for macrophyte establishment than TP9. Differences in 
macrophyte cover in JP wetland compared to controls are most likely the result of 
the type of sediment (Crowe et al. 2002, Cooper 2004) and this effect probably 
greatly dominates over any differences that may exist among the treatments 
applied within each wetland.
SWSD
Depth appears to have affected macrophyte cover below depths of 65 cm 
in 2003, but not in 2005, likely due to a switch in the macrophyte community 
present on the in situ patches. Average depth of in situ patches was 54.4 ± 8.3 
cm in 2003, which increased to 77.1 ±7.1 cm in 2005 because water levels were 
higher than in previous years. Macrophytes observed on plots in 2003 consisted 
of mainly of emergent Carex spp. and Scirpus spp. However, plots supported 
predominantly submergent Chara vulgaris in 2005. This shift is likely due to the 
increase in water depth experienced by SWSD over this time period. Emergent 
plants are generally successful in water depths of 0-80 cm (Wetzel 1983, Coops 
and Doef 1996), whereas submergent plants are usually found from about 50 cm 
to 3 m in depth (Wetzel 1983). Emergent plants are limited by water depth, and 
increases of water pressure (Hutchinson 1975). Significant impairment to growth 
can occur at 80 cm of water for some emergent plant species (Coops and Doef 
1996). Scirpus and Carex tend to prefer water depths of 0-20 cm, whereas
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Chara tends to be found at deeper waters (Table 2.1). Chara growth is light- 
inhibited (Forsberg 1965), and this is likely the reason it dominated the in situ 
plots in 2005 when the water level may have inhibited the growth of the 
previously mentioned species.
Base sediment type, surface treatments, or their interactions likely had no 
significant effect on emergent macrophyte cover in 2003 because the 
consistency of the sediment of SWSD is natural, and does not limit the 
biodiversity of the plant community (Cooper 2004). The size of the patches may 
be too small to affect the growth of the plants that became established within 
each plot. Carex and Scirpus tend to produce long, underground rhizomes 
(Bernard 1990, Johnson et al. 1995), and could be drawing needed strength or 
nutrients from outside of the in situ patch. This could serve to diffuse the effect 
that small sediment amendments would have on macrophytes with this particular 
growth habit.
In 2005, the cover of Chara (rooted submersed macrophytic algae) was 
significantly less on plots to which organic matter had been added to the surface 
of treatment plots than on plots that did not receive peat additions. Barko and 
Smart (1986) have shown that organic matter can inhibit growth of submersed 
macrophytes. Although it is often assumed that adding organic matter would 
increase the nutrient content of wetland soils, it may have the opposite effect if 
the nutrient content determined on a sediment volume basis is quite low (Barko 
and Smart 1986). Nutrient uptake by rooted macrophytes might be hindered by 
the long distances over which nutrients must diffuse.
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Percent cover did increase as the length of treatment, (number of frost- 
free days since an in situ plot had been installed) increased. This result was 
expected, especially for perennial plants that have persistent, over-wintering 
growth forms (Scirpus, Typha, and Carex). The longer a plot had been left 
undisturbed, the more time had been allowed for plant establishment. Percent 
cover appeared to reach an asymptote by the 187-d sample period (Fig. 2.4).
TP9
Macrophyte cover was inhibited at much shallower depths in this wetland 
than was observed in SWSD or JP. The water in TP9 is turbid, and visibility is 
limited to within a few cm of the surface. This is a result of the suspension of fine 
clay particles, derived from the constructed clay base, which, significantly reduce 
the light penetration. Turbidity (secchi depth of only a few cm) prevented 
estimation percent cover in 2005 because P. pectinatus, which was abundant in 
many TP9 plots in 2005, was not visible from the surface.
The percent cover of macrophytes was not significantly affected by base 
treatments measured in 2003, 2004, probably for the same reasons as stated 
above. The dominant macrophyte in TP9 was T. latifolia, which is tuberous and 
rhizomatic in growth form (Johnson et al. 1995), and could likely draw support 
and nutrients from far outside the patch, if necessary. Differences in sediment 
texture of the small in situ amendments would not likely hinder the growth of T. 
latifolia.
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The addition of peat to the surface had a statistically significant effect on 
the percent cover, but this consisted of an average of 2% increase in cover. This 
difference is likely not ecologically meaningful. The growth of macrophytes in 
TP9 was very limited in the earlier years of this experiment.
JP
Because plots occurred in shallower water in JP than in other wetlands, 
only two cases were excluded in 2003 due to depth limitations. The mean water 
depth of in situ plots was 21.7 ± 8.7 cm in 2003, 25.5 ± 8.2 cm in 2004, and 5.5 ± 
6.2 cm in 2005. In situ sediment amendments likely had little effect in this 
wetland, again, owing to the small plot size, and the general rhizomatic growth 
habit of the predominantly emergent macrophyte community.
Macrophytes colonizing this wetland were dominated by tolerant, emergent 
species.
Biomass
The high variability of the biomass of macrophytes in these wetlands 
made it difficult to detect differences due to in situ treatments. The variability 
(SE) was often almost as high as the means even within treatments. However, 
replication in this experiment is high, due to its design (see Tables 2.2-2.4 for n of 
each treatment). Dry mass biomass was not a powerful means of measuring the 
effects of sediment amendments.
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Comparisons of macrophyte biomass among wetlands indicated that 
SWSD best supported the growth of Chara, but overall productivity of this 
macrophyte appeared to be reduced relative to that reported in other studies 
(Ariosa et al. 2004). The JP plots supported the growth of more tolerant 
emergent macrophytes, such as T. latifolia, than did TP9, and also showed the 
capability to support growth of this macrophyte in a capacity similar to 
undisturbed wetlands (Table 2.1). The low productivity of C. lacustris in the 
reference wetland, BP, suggests that it may not be factors within these wetlands 
that are limiting the growth of macrophytes. Bishay (1998) also studied trends in 
net productivity of constructed wetlands vs. natural wetlands. In 1993, T. latifolia 
had 376 g/m2 in an OSPM-affected wetland, whereas an on-site reference 
wetland had 120 g/m2. This limited growth may instead be common to all 
wetlands in the oil sands lease areas, perhaps as a result of the northern 
location, poor supply of nutrients, young age, or relatively low organic content of 
the sediments compared to the other studies shown in Table 2.1. However, 
Bishay (1998) reported that an off-site control wetland had 681 g/m2 of T. latifolia.
Jan’s Pond, which we considered to be the most “impacted” wetland, 
showed the greatest overall macrophyte net productivity of all the wetlands 
examined in this experiment. However, the macrophyte species present in JP 
are characteristic of impacted wetlands (McNaughton et al. 1974). Large, 
emergent growth forms will have a greater biomass per square cm than 
submergent species such as Chara, found in SWSD (Table 2.1). Typha latifolia 
plants growing in the plots were apparently normal in cover and biomass.
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However, high productivity is not necessarily indicative of natural conditions, as 
the lowest recorded productivity in 2005 was that of BP, the undisturbed control 
wetland. If BP represents the ideal wetland, then high productivity of 
macrophytes may not be a good measure of wetland success. The TP9 wetland 
supported the lowest overall biomass of macrophytes. This result may be due to 
a number of factors that limit the establishment of plant growth, including overall 
sediment texture, near-complete lack of organic material (and likely the 
accompanying nutrients), and the extremely limited clarity of the water.
Root - Shoot Data Relationships
TP9
Typha latifolia root mass was greater than the above ground tissue mass 
on in situ plots subjected to 175 days of frost-free growth. The petroleum coke in 
this study was collected from an active coke cell on Syncrude at several different 
time points. Coke is continually added from the cokers, and subjected to differing 
weather conditions. It is possible that coke used at the 175-d time point may 
have a different composition or age than the coke used at other time points. 
Another explanation might be that this trend of growth over time in the wetland is 
a function of the population dynamics of T. latifolia. In 2002, when situ plots were 
first installed, there was very little macrophyte growth at all in TP9. Typha 
latifolia is an early colonizer of wetlands. I speculate that the increase, and 
subsequent decrease, of root biomass might be explained by an initial 
colonization and rapid sediment resource utilization, followed by a decline when
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space becomes limited, and growth is then directed upwards to maximize the use 
of available light.
Species Richness
Chara growth is light-inhibited (Forsberg 1965), and this species likely 
grows in SWSD because its depth tolerance is greater than that of the local 
emergent species (plot depth was up to 1m at time of sampling), and because 
SWSD has warm, but relatively clear waters. Also, Chara produces strong, 
inhibitory, allelopathic compounds that inhibit seed germination of other 
macrophytes (Kleiven and Szczepanska 1988), and this likely explains why 
Chara forms a nearly uniform monoculture in the deeper waters of SWSD.
Chara is an early successional colonizer of ponds, which is usually later replaced 
by higher angiosperms such as Potamogeton sp. (Crawford 1979). Its 
overwhelming presence in SWSD, and absence in all other wetlands sampled in 
this thesis, is likely indicative of the conditions of these ponds. Chara tend to 
grow well in clear waters with higher temperatures, whereas P. pectinatus 
generally does better in more turbid waters, forming tall mats that reach nearly to 
the water surface, exploiting the limited light resources (Coops and Doef 1996). 
The waters of TP9 are turbid, thus explaining the apparent dominance of P. 
pectinatus over Chara spp.
Few species were observed to grow in the in situ plots of all wetlands, 
compared to the number of species present wetland-wide (Table 2.6). However, 
this experiment sampled at only one zone in each of these wetlands. This is
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likely due to the in situ plots being situated at relatively homogeneous depths, 
and thus macrophytes observed represented those that grew in only a specific 
zone of each wetland. However, the variety of species represented in all 
wetlands shows a range of tolerances to metal contamination (Table 2.1). 
Tolerant macrophyte species C. vulgaris, T. latifolia, S. lacustris, did not appear 
to be excluded from colonization by petroleum coke amendments.
CONCLUSIONS
Results indicate that petroleum coke had no apparent effect on percent 
cover, biomass, root - shoot relationship or species richness of macrophytes in 
plots of the three constructed wetlands, at the scale of the experiments we 
conducted. There were much greater differences in dominant species, 
development of percent cover and accumulation of biomass among the three 
wetlands than among any treatments within a single wetland.
Of the measures of macrophyte growth and composition taken here, 
percent cover showed the least amount of inter-wetland variability, making it the 
best means we had to collect information about the effects of the in situ sediment 
amendments of petroleum coke. Chara vulgaris reached maximum cover in 
SWSD after between 107-187d of frost-free growth. Typha latifolia growth 
reached a maximum coverage within plots at approximately 175d of frost-free 
growth in TP9. Macrophytes in JP plots seemed to show no apparent difference 
in percent cover or biomass among treatment lengths. Other macrophyte 
attributes (biomass, root-shoot relationship, and species richness) showed very
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high degrees of intra-wetland variability. A difference of even 50% in macrophyte 
biomass, or root-shoot relationship might be considered an extreme impact, but 
would be undetectable using any of these measures. Background variation is 
already so high that differences associated with the treatments at this scale are 
inconsequential.
The addition of peat as a surface amendment had a negative impact on 
the growth of macrophytes (Chara) in a wetland that contained some organic 
matter already, but otherwise had no impact in wetlands with little or no organic 
content. In light of these results, it may be worth reconsidering the use of this 
expensive material in wetland reclamation, as there was little observed benefit, 
on the scale of this experiment.
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CHAPTER III
EFFECTS OF PETROLEUM COKE SEDIMENT AMENDMENTS ON 
MACROINVERTEBRATE ASSEMBLAGES IN CONSTRUCTED WETLANDS
INTRODUCTION
Aquatic sediments play a significant role in the sorption of many persistent 
and toxic chemicals in the environment. They can contain levels of organic and 
inorganic contaminants many times higher than water column concentrations 
(Chapman 1986). Benthic invertebrates, continually exposed to contaminants in 
sediments, may serve as valuable indicators of sediment quality (Reynoldson 
1987). Invertebrate community condition can provide a direct measure of the 
toxicity of contaminants (Kiffney and Clements 1994, Richardson and Kiffney 
2000, Ciborowski et al. 1995). Chapman and Long (1983) argued that an 
important component in the assessment of sediment quality must include 
evidence of modified resident infauna if the sediments are toxic. This biological 
information can then be combined with physical and chemical data in order to 
fully evaluate the risks of contaminated sediment quality Chapman (1986).
In the past 20 years, several experimental “constructed wetlands” have 
been created by the oil sands companies to assess the potential of different 
reclamation strategies to create systems that will become functionally equivalent 
to wetlands on the original landscape. These wetlands containing process 
wastes: fine tailings and process-affected water, are being studied to determine if 
these are economical and environmentally acceptable landscape reclamation 
strategies. Oil sands mining process wastes contain elevated levels of various
83
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
compounds that, at high enough concentrations, can be considered harmful to 
benthic invertebrates. The concerns of these wastes are due to the presence of 
naphthenic acids (NAs; a form of dissolved organic carbon), polycyclic aromatic 
hydrocarbons (PAHs), salts, trace metals, and residual hydrocarbons. However, 
these constituents are naturally found at lower levels in many aquatic systems in 
the area. Some local macrophyte populations may be adapted to these chemical 
stresses (Bendell-Young et al. 2000).
The NAs in fresh mine process waste waters are acutely toxic to yellow 
perch (Nero et al. 2006), rainbow trout, Daphnia magna (MacKinnon and Sethi 
1993) and bacteria (Microtox assay; Madill et al. 2001). However, the toxic 
component of the NAs degrades quickly through natural processes (Madill et al.
2001).
The trace metals and PAHs found in fine tailings are hydrophobic and tend 
become adsorbed to organic carbon and fine particles. Consequently, the 
sediments can act as reservoirs for these types of pollutants (Hassan et al.
1996). In wetlands constructed with fine tailings sediment, predatory 
Chironomidae and Chaoboridae (non-biting midges (Diptera)), contained, but did 
not significantly bioaccumulate PAHs, in their body tissues (Ganshorn 2002). 
Either the bioavailability of these compounds was limited by the presence of 
organic carbon (detritus and/or dissolved organic carbon, including NAs) 
(Ganshorn 2002), or the invertebrates were able to metabolize the PAH 
(Ganshorn 2002, Driscoll et al. 1997). The secondary production of these insects 
is exported as emergent adults, which can also contain significant concentrations
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of PAHs (Wayland et al. in review, Ciborowski, Univ. of Windsor, unpubl.) and 
are an important food source for local insectivores such as tree swallows (Gentes 
et al. 2006). Thus, the potential for export of PAHs to the terrestrial ecosystem is 
still a concern (Ganshorn 2002). Whelly (1999) found that wetlands constructed 
with process-affected water showed non-significant trends in the reduction of 
generic diversity and abundance of Chironomidae (sediment dwelling 
invertebrates). Leonhardt (2003) found that young wetlands (<7 years old) 
containing fine tailings and/or process-affected waters supported significantly 
fewer benthic invertebrate families, compared to natural wetlands of an 
equivalent age (“natural wetlands” are man-made, but contain no anthropogenic 
inputs of any oil sands waste materials). The average abundance of these 
aquatic invertebrates, however, was not affected by the presence of any waste 
materials. Ganshorn (2003) also found that biomass and secondary production 
of chironomids in two oil sands process materials (OSPM)-affected wetlands was 
greater than secondary production in two reference wetlands. This suggests that 
constructed wetlands may still be appropriate for reclamation from a productivity 
standpoint, as the production of invertebrate biomass could be similar in 
constructed wetlands and natural wetlands in the area.
Freshwater invertebrates are diverse, ubiquitous and exhibit a wide range 
of tolerances to contamination (Richardson and Kiffney 2000). Environmental 
contaminants can alter the taxonomic composition of aquatic invertebrate 
communities (Klerks and Levinton 1993), in that tolerant taxa may become more 
abundant at a site, replacing more sensitive organisms. Invertebrate community
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composition is often used as a form of biomonitoring to evaluate the impacts of 
contaminants (Kiffney and Clements 1994, Death 1995, Kedwards et al. 1999, 
Courtney and Clements 2002). Factors that affect aquatic invertebrate 
communities are important because invertebrates form an integral link between 
the aquatic and terrestrial ecosystems (Ciborowski et al. 1995).
In the concept of “constructed wetlands” proposed by Golder Associates 
Ltd. (2000) to the oil sands operators for reclamation of mined landscapes, the 
fine tailings were intended to be laid down to form the sediment base of the 
wetlands, and then capped with muskeg (peat; topsoil) stockpiled from the 
original landscape. Muskeg salvaged from original wetlands should provide an 
inoculum of wetland plant seeds and invertebrate dormant stages (cladoceran 
ephippia, and other shelled dormant embryos) (Hairston and Caceres 1996).
The organic surface capping layer is expected to speed succession of reclaimed 
wetlands (Stauffer and Brooks 1997), and to impede diffusion of potentially toxic 
sediment-bound materials from the fine tailings.
Petroleum coke is a relatively low density, solid, carbonaceous product. It 
is hoped that it might float on the tailings, but still be strong enough to bear a load 
of topsoil (M.D. MacKinnon, Syncrude Canada Ltd., personal communication). 
The use of coke in wetland construction could reduce the amount of coke that 
has to be stored in the terrestrial environment. If coke is found to be an inert 
product, it may be useful in “capping” the fine tailings, preventing the release of 
the associated organic and inorganic constituents. It may even remove colour
86
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and organics from the waters of the wetlands, similar to the action of activated 
charcoal (Shawwa et al. 2001).
Syncrude and Suncor together produce approximately 6 million tonnes of 
petroleum coke per year, (16,400 tonnes per day), which must be stored on site 
(Scott and Fedorak 2004). Syncrude is storing its coke in mined out pits, called 
coke cells, which are then capped with clay and revegetated. Suncor also 
stockpiles coke, and uses it to help build berms on site. The sheer volume of 
petroleum coke produced will eventually exceed the amount of space available to 
store it. There are many potential uses of petroleum coke, but it is not 
economically feasible to sell coke, or use it in any heating processes currently.
The texture of the fine tailings creates an ecological problem in wetland 
construction; the unconsolidated nature of the fine tails may inhibit macrophyte 
community establishment and slow plant growth, as it may not provide a suitable 
substrate for rooting plants. Furthermore, fine tailings are easily suspended by 
wave action. Turbidity limits the depth at which macrophytes can 
photosynthesize, thus preventing establishment or slowing growth. The physical 
texture of the sediment may play an important role in the rooting success of 
aquatic plants (Barko and Smart 1983). de Szalazy and Resh (2000) observed 
higher biomass and diversity of colonizing insects in newly created wetlands 
having greater structural complexity due to macrophyte succession than in 
wetlands lacking that complexity. The pattern of succession in macrophyte 
communities can influence aquatic invertebrate communities by affecting 
predation (Schriver et al. 1995) and food availability. Plants also provide
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attachment sites and building materials for shelter (Campeau et al. 1994). In 
Chapter 2 of this thesis it was demonstrated that in situ amendments of 
petroleum coke did not significantly affect the long-term growth of macrophytes in 
3 constructed wetlands of differing characteristics.
Bitumen, from which petroleum coke is derived, naturally contains many 
constituents that, at high concentrations, are considered environmental 
contaminants. These include naphthenic acids (NA; dissolved organic carbon), 
polycyclic aromatic hydrocarbons (PAHs), and trace metals. Laboratory 
experiments conducted by Squires (2005) examined the toxicity of leachate pore- 
water of petroleum coke from both Syncrude and Suncor. The leachates 
contained elevated levels of many trace metals, such as V, Mo, Ni, Cd, and Z. 
However, the concentration of PAHs was not detectable in these leachates.
There was no effect of these leachates on growth or survival of Chironomus 
tentans, Fabricius midge larvae (Squires 2005). Electron micrographs show that 
the coke particles appear to contain adhering clay or non-coke materials, and the 
dissolution of these materials could account for the presence of the trace metals 
(Jang and Etsell 2006). Chung et al (1996) found that the Syncrude coke 
leachate contained many, detectable, inorganic contaminants but all occurred at 
levels lower than regulatory levels at the time. Many elements, such as 
vanadium, nickel, zinc, beryllium, copper, strontium, and cobalt, had no 
regulations at the time of publication in 1996, but were discussed by the authors 
as those that might represent future concerns (Chung et al. 1996).
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Trace metal contamination in the environment is a concern, because 
certain groups of metals cause toxicity by modifying an organism’s physiological 
processes causing cell injury and/or death (Playle et al. 1993a). Metals in 
aquatic ecosystems are found dissolved in the water column, adsorbed to the 
sediments, as well as in food sources (Allen 1993, Hassan et al. 1996, Real et al. 
2003, Unsal 1982). Macroinvertebrate communities often reflect metal pollution 
most strongly by variations in community assemblage, rather than in an overall 
decrease in abundance (Richardson and Kiffney 2000). Metal contamination 
generally can have the effect of reducing benthic invertebrate abundance, 
species richness, and a shift in the community from sensitive species (such as 
mayflies), to more tolerant species (such as Chironomidae) (reviewed by 
Clements 1994).
I studied the effect of in situ treatments of petroleum coke and peat 
through time, on the community composition of macrophytes and invertebrates in 
three constructed wetlands in the Fort McMurray Oil Sands area. The three 
study wetlands differed in construction materials -  one contained only surface 
water and natural substrates, one was built with oil sands process-affected 
waters (OSPW) on a clay base, and one was built on a substrate of composite 
tailings (CT) and received constant inputs of OSPW. The main objective of the 
study was to compare the composition and abundance in the invertebrate 
assemblages among treatment patches within wetlands in order to determine the 
potential utility of coke sediment amendments. Petroleum coke is believed to be 
inert, thus I expected that petroleum coke amendments would not have a
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significant direct effect on the invertebrate richness or abundance. Additions of 
peat should serve as food materials for detritivorous invertebrates, increasing 
their abundance. I also expected peat to facilitate the succession of 
macrophytes in these in situ patches, where this increase in macrophyte 
structure will increase the diversity of invertebrates colonizing these patches (de 
Szalay and Resh 2000).
MATERIALS AND METHODS 
Sampling Sites
To examine the effect of petroleum coke sediment amendments on 
invertebrate abundance and composition, the in situ experiment was installed in 
three constructed wetlands, SWSD, TP9, and JP. Treatment patches were 
created by excavating 40-cm diameter x10-cm deep holes in the substrate of the 
wetland. Sediments were then layered directly into these holes. The bottom 
layer (8 cm) consisted of native material, sand, Syncrude coke or Suncor coke. 
The top layer (2 cm) consisted of either peat or more of the material from the 
bottom layer. This experiment was conducted in each of the three experimental 
wetlands.
SWSD serves as a natural (or reference) wetland in this study. It formed 
from a depression created by excavating material to form a berm along the south 
margin of another wetland, Shallow Wetland, in the reclaimed landscape, in 
1993. Although this wetland is technically “constructed”, it received no inputs of 
oil sands waste materials. The surface water has low conductivity
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(approximately 600 pS/cm), and the sediment is 5.2% organic material, 
determined by Loss on Ignition (LOI) (Ganshorn 2002). Leonhardt (2003) 
classified the adjacent wetland, Shallow Wetland, as a “mature” wetland based 
on its age (>8 years old) with respect to invertebrate fauna. Using an artificial 
substrate sampler in 2001, this wetland was found to have 31 invertebrate 
families and 1879 total invertebrates per 313 cm2 colonization tile (Leonhardt 
2003). Due to the similarity in appearance, and the close proximity of these two 
wetlands, this would suggest that SWSD could also be considered “mature”. We 
assume SWSD has sediment similar to that of a natural wetland of similar age 
and size, which might be found outside of the oil sands mining area. Thus, the 
addition of petroleum coke would not serve to improve the texture of the 
substrate.
TP9 was created in 1993. The surface water volume is 6000m3 of tailings 
pond surface water from the Mildred Lake Settling Basin (Golder Associates Ltd.
2002). The substrate consists of a constructed clay lining, and was filled with a 
one-time input of process-affected water. The surface water is saline (averaging 
1700 pS/cm), and the sediment consists of clay stockpiled from the original 
landscape. This wetland was also classified as “mature” by Leonhardt (2003), 
and she found only 14 invertebrate families and a low abundance of 54 
organisms per colonization tile. Macrophyte growth was limited in this wetland 
previous to the start of this project (2002), consisting of limited colonies of 
cattails, Typha latifolia. If the textural properties of petroleum coke amendments 
exert positive effects on macrophyte colonization, it will likely be evident in this
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wetland. Changes in invertebrate communities may be due to the positive effects 
of increased macrophyte growth (de Szalay and Resh 2000), or the negative 
effects of contaminated sediment (Ciborowski et al. 1995).
JP wetland was constructed in 1999, from outflow of CT sediments of a 
nearby upstream wetland (4m CT Wetland) has a 4-m base layer of consolidated 
tailings. The JP wetland receives process-affected water through a culvert from 
the upstream wetlands. Despite the younger age of this wetland, it has more 
extensive macrophyte growth than TP9 (pers. obs ). This “young” wetland is 
characterized by saline surface water (average of 2,240 pS/cm). This wetland 
should best demonstrate the ability of petroleum coke to stabilize, and potentially 
cap, soft tailings. If coke provides a more suitable substrate for macrophyte and 
invertebrate colonization, it will be most evident in this wetland. The potential to 
observe the effects of coke leachates is minimal in this wetland, as it already 
contains elevated levels of oil sands constituents. Species present in this 
wetland are considered to be tolerant species (Barbour et al. 1999, Crowe et al. 
2001). The resident biota are likely to be tolerant of small additions of 
contaminants. The use of petroleum coke as a sediment amendment is likely to 
be most beneficial to this wetland, compared to TP9 and SWSD.
Invertebrate samples were collected from each individual in situ plot of this 
experiment during the period August 20-22, 2003. Complementary identical 
sampling was done in the reference wetlands, BP (July 19, 2005) and USC (July 
20, 2005). These additional wetlands will serve the purpose of setting upper and
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lower bounds on our expectations of measured invertebrate parameters from the 
in situ project.
Macroinvertebrate Sample Collection
Colonization tiles were used as an artificial substrate to collect epibenthic 
(at and above the sediment surface) and epiphytic (living on plants) invertebrates 
on each test in situ and microcosm patch (Benoit et al. 1998 as modified by 
Leonhardt 2003). Artificial substrates provide a standardized sample size, 
reduced variability (compared to other sampling methods), require less operator 
skill, and are a non-destructive sampling method (Rosenberg and Resh 1982). 
Artificial substrates collected a wider range of taxa than core samples and were 
more quantitative and easier to use than travelling D-net sweep samples in 
Athabasca oil sands constructed wetlands (Leonhardt 2003).
The artificial substrate used was a 17.7cm x 17.7cm ceramic tile, glazed 
white on one side (placed downward). The opposite side was unglazed red 
ceramic, to which five 10-cm long sections of plastic aquarium plants (Elodea 
spp.) were glued using waterproof silicon sealant (Leonhardt 2003). A red and 
white plastic bobber was attached to the tile using monofilament fishing line, to 
serve as a marker facilitating retrieval. One tile was gently placed on the center 
of each test patch, and left for 8 days, which was determined by Leonhardt 
(2003) to be a suitable colonization time. Tiles were collected by placing the in 
situ patch excavation frame (garbage pail with the bottom removed - 40cm 
diameter) around the test patch (to prevent escape of larger, more mobile
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organisms). A fine-mesh netting-covered, wood-framed retrieval box (an 18 cm x 
18 cm x 18 cm cube) was gently secured on top of the tile. The tile and box were 
then turned over and lifted out of the water. The colonization tile was rinsed 
using a 1-L Nalgene wash bottle filled with sieved water from the wetland, into a 
clean pail. This dislodged any invertebrates and detritus that may have been 
stuck to the tile or the plants. The retrieval box was also thoroughly rinsed into 
the pail. The contents of the pail were passed through a 125-pm mesh sieve (to 
remove excess water), and the material retained was then placed into a into a 
clean, labelled, plastic soil bag, which was then covered with a formalin-ethanol 
preservative (5:2.5:1 mixture of water: 95% ethanol: 100% formalin). The bag 
was carefully secured with a twist tie and placed upright in storage tote for 
transport back to the University of Windsor for analysis. The retrieval box was 
re-rinsed between tiles to prevent the cross-contamination of samples.
Sample Handling and Processing
Samples were processed following the methodology of Ciborowski (1991). 
The organic material (detritus) that remained in each fraction after the sample 
was sorted was dried in a drying oven at 100°C for 48 h, and dry mass recorded 
to the nearest 0.01 mg. Identified animals were placed in labelled vials for each 
size fraction and sample number. Samples were processed in a manner that 
helped to eliminate bias or variation due to a change or improvement in analytical 
technique. The samples were identified only by number and site; treatments 
were kept confidential.
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Identification and Enumeration
Invertebrates were enumerated and identified to genus, where possible, 
using the keys summarized in Table 3.1. Large samples were subsampled, 
where the 250 pm fraction often contains a large number of invertebrates; we 
subsampled this fraction in order to save time. The 250-pm size fraction was 
rinsed into a glass subsampler petri dish and swirled to ensure even distribution 
to all four sections. One randomly chosen quarter of the sample was pipetted to 
a new gridded petri dish. The remaining portion of the 250 pm fraction was not 
examined for invertebrates. This quarter subsample was examined for 
invertebrates, which were removed to a glass shell vial. The dry mass of the 
quarter subsample vs. the dry mass of the remaining un-examined 250 pm 
sample were used to calculate what proportion of the sample was sorted, and 
this subsample factor was multiplied by the number of organisms of the 
subsample to gain an estimate of the number of organisms that would have been 
present in the entire fraction. All Chironomidae were slide mounted ventral side 
up in CMC-9AF mounting fluid for identification. A portion of the Chironomidae 
were identified to the genus-level. However, genera-level richness per 
colonization tile was low. The sampling procedure utilized in this project does not 
target the collection Chironomidae. This would have excluded the majority of 
these organisms from use in multivariate statistics, and due to time-constraints, 
thus Chironomidae were not identified further.
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Table 3.1. List of taxonomic keys used for identification of wetland invertebrates.
Taxon Taxonomic Reference
Crustacea-Cladocera Ward and Whipple (1959)
Coleoptera-Dytiscidae Larson et al. (2000)
Ephemeroptera Clifford (1991)
Edmunds et al. (1976)
Diptera-Chironomidae Merritt and Cummins (1996),
Wiederholm (1983)
Oliver and Roussel (1983)
Mollusca Clarke (1981)
Trichoptera Wiggins (1978)
All Other Taxa Clifford (1991)
Merritt and Cummins (1996)
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Statistical Analyses
Because each wetland differed in construction and community 
composition, analyses were conducted for each wetland separately. Within each 
wetland, 3-way factorial ANOVAs (see Table 3.2 for general ANOVA design) 
were used to test the effects of Base sediments (native, sand, Syncrude coke, 
Suncor coke), Surface sediments (peat, no peat), and installation date (Spring 
2002, Summer 2002, Spring 2003, Summer 2003) on several measures of the 
invertebrate communities per 313cm2 colonization tile. These measures include: 
total abundance, total richness, and the principal component factors derived from 
the relative abundance of common invertebrate taxa. The mass of dried organic 
material that remained after the processing of colonization tile samples was used 
as a covariate in these ANOVAs. Organic material serves as a food source for 
many of the invertebrates present in these samples (Barbour et al. 1999).
Excess organic material may account for the increased presence of detritivorous 
invertebrates.
Total Invertebrate Abundance
The total abundance of invertebrates collected per 313 cm2 colonization 
tile from each in situ plot in 2003 was analysed using a 3-way ANOVA, with 
organic material as a covariate for each wetland. These data included all 
invertebrate groups present (both benthic and planktonic organisms).
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Table 3.2. Example of design of statistical tests. For each ANOVA test 
performed in this chapter, the effects of the following factors were tested: Base 
Treatment, Surface Treatment, Installation Date, and interactions. Organic 
matter was used a covariate in these ANOVAs, to control for the size of sample 
collected. p<0.05 were considered significant effects, p<0.10 were considered 
nearly significant (italics).
ANOVA EXAMPLE
Description Source of Variation SS DF MS F P
COVARIATE OM 3.16397 1 3.163966 3.199740 0.091484
FACTOR 1 Base 0.61978 2 0.309892 0.313396 0.735094
FACTOR 2 Surface 0.81967 1 0.819669 0.828937 0.375309
FACTOR 3 Installation Date 4.13102 2 2.065511 2.088865 0.154469
1x2 INTERACTION Base*Surface 1.90025 2 0.950125 0.960867 0.402391
1x3 Base*lnstallation Date 4.95278 4 1.238195 1.252195 0.326795
2x3 Surface*lnst Date 2.15732 2 1.078658 1.090854 0.358322
1x2x3 Base*Surface*lnst Date 2.03869 4 0.509673 0.515436 0.725425
Error 16.80994 17 0.988820
Taxa Richness
The taxa richness per colonization tile from each in situ plot in 2003 was 
the number of different invertebrate groups collected from that plot (see Table 3.3 
for list of invertebrate genera present in colonization samples collected from each 
wetland in 2003). These data were normally distributed, and thus were not 
transformed prior to analysis. The effects of base, surface, and installation date 
on richness in each wetland were evaluated using a 3-way ANOVA, with organic 
material as a covariate. All analyses were performed using the General Linear 
Modelling module of Statistica 6.1 (StatSoft Inc., 2003).
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Table 3.3. Invertebrate taxonomic composition and overall taxonomic richness 
values obtained from colonization tiles collected in 2003.
TAXA SW SD TP9 JP TAXA SW SD TP9 JP
Oligochaeta X X X Diptera Pupa X X X
Neophelopsis obscura X Callibaetis X
Helobdella fusca X Centroptilum X
Helobdella stagnalis X Cioeon X X X
Placobdella omata X Baetidae-lmmature X
Marvinmeyeria lucida X Caenis X X X
Hydra X Anax X X X
Collembola X X X Aeshna X X
Porifera X Cordulia X
Probythinella lacustris X Somatochiora X X
Armiger crista X X X Leucorrhinia X
Helisoma X Enallagma X X X
Gyraulus X X X Agraylea X
Fossaria X X Oxyethira X X
Stagnicola X X Oecetis X X
Physella X Glyphopsyche X
Sphaeriidae X Triaenodes X
Dolomedes Triton X X X Phryganeidae (immature) X
Hydrozetes X X Fabria inomata X
Hydracarina X X X Polycentropus X
Chydoridae X X X Corixidae-lmmature X X X
Daphnidae X X X Callicorixa X X X
Macrothricidae X X Dasycorixa X X X
Sididae X Sigara X
Caianoida X X Trichocorixa X
Cyclopoida X X X Notonecta X X X
Ostracoda X X X Buenoa X
Hyalella azteca X X X Mesovelia X
Acilius X Sialis X
Graphoderus X Nematoda X X X
Hydaticus X Terrestrial X X X
Hydrovatus X TOTAL 67 44 35
Hygrotus X X
Laccornis X
Haliplus X X X
Peltodytes X X X
Bezzia X X X
Culicoides X X X
Dasyhela X X X
Chaoborus X X X
Serromya X
Chironomidae X X X
Dolichipodidae X
Empididae X
T abanidae- Tabanus X
Tipulida e-Prionocera X X
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Relative Abundance of Invertebrates
Principal components analysis (PCA) was used as a data reduction tool 
for the data collected from each wetland. Multivariate analyses can be unduly 
influenced by rare taxa. Therefore only “common” groups of invertebrates were 
used. To be included in the multivariate analysis for each wetland, a taxon had 
to be present in at least 20% of the samples taken, and comprise at least 0.01% 
of all invertebrates collected at that site. Original invertebrate groups that did not 
meet these criteria were then further grouped into functional feeding groups 
(Merritt and Cummins 1996) of “Other” shredders, gatherers, filterers, scrapers, 
and predators. If these groups met the criteria listed above, they were also 
included as an invertebrate group in the PCA. Two samples from the 
experimental matrix in SWSD were lost. Because a PCA requires a matrix with 
no missing data, missing data points were filled in using the “Replace Missing 
Data” function of Statistica, which will replace a missing value with the mean of 
the respective variable. This procedure generated surrogate PCA scores that 
could be used in the subsequent Analyses of Variance. All relative abundances 
were log2 (x+1) transformed prior to analysis (Gauch 1982). Principal component 
analysis was performed from a correlation matrix generated from 9 invertebrate 
groups and 94 cases in SWSD, 8 invertebrate groups and 54 cases in TP9, and 
8 invertebrate groups and 36 cases in JP (Tables 3.5-3.7). Each factor 
generated from this PCA was then analysed using a 3-way factorial ANOVA with 
“base”, “surface”, and “installation date” as factors. Organic matter present in 
each sample collected varied from 7.65 - 1559.91 mg (dry mass). Since this 
organic matter serves as a food source for many invertebrates, a sample
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Table 3.4. Identification of the relative abundances of invertebrates groups 
loading most heavily on the extracted principal components for each wetland and 
the cumulative proportion of total variance explained by each component.
Bolded results were strongly correlated (> 0.700) with a particular component 
axis, “*” indicated results that are moderate association with a particular 
component axis (>0.50)
PCA-SWSD PC-1 PC-2 PC-3 PC-4
Rel% Other Predators 0.784 0.037 0.118 0.173
Rel% Other Scrapers 0.747 0.205 -0.105 0.006
Rel% Oligochaeta 0.561* 0.181 0.404 -0.206
Rel% Daphniidae -0.182 -0.882 -0.385 0.018
Rel% Ostracoda 0.032 0.873 -0.157 0.099
Rel% Macrothricidae -0.060 0.489 -0.399 0.478
Rel% Chironomidae 0.055 0.153 0.791 0.060
Rel% Cyclopoida -0.170 -0.052 0.009 -0.841
Rel% Sididae -0.374 0.024 0.390 0.564*
Cumulative Proportion of Total Variance Explained 0.188 0.397 0.542 0.691
PCA-TP9 PC-1 PC-2 PC-3
Rel% Ostracoda -0.935 -0.290 -0.043
Rel% Chironomidae 0.843 -0.042 -0.129
Rel% Enallagma 0.592* -0.448 0.052
Rel% Chydoridae 0.096 0.824 0.038
Rel% Daphniidae 0.239 0.744 0.097
Rel% Other Predators -0.155 0.008 0.834
Rel% Fossaria 0.402 0.323 0.580*
Rel% Cyclopoida -0.065 0.356 -0.379
Cumulative Proportion of Total Variance Explained 0.274 0.493 0.644
PCA-JP PC-1 PC-2 PC-3 PC-4
Rel% Ostracoda 0.913 -0.029 0.060 -0.020
Rel% Enallagma 0.053 0.855 0.019 0.133
Rel% Dasyhelea 0.312 -0.670* 0.437 0.345
Rel% Chydoridae 0.616 0.637* 0.075 0.123
Rel% Daphniidae -0.046 0.086 -0.894 0.172
Rel% Chaoborus -0.074 -0.037 -0.633* -0.234
Rel% Cyclopoida -0.195 0.208 0.124 0.877
Rel% Chironomidae -0.399 0.227 0.407 -0.777
Cumulative Proportion of Total Variance Explained 0.190 0.401 0.599 0.800
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Table 3.5. Summary of mean (±SE) relative abundance, total abundance, and 
richness of invertebrates on in situ plots in SWSD in 2003. Data are presented 
for each of the three factors of the ANOVA: base treatments, surface treatments, 
and installation date, p-values are based on ANOVA results, results significant at 
p<0.05 are bolded, almost significant results indicated with italics (p<0.10).
FACTOR PC ASSOC. BASE p-value
NATIVE ±SE SAND ±SE SYN COKE ±SE SUN COKE +SE
Oligochaeta 1* 4.0 0.86 3.5 0.56 3.9 0.80 3.9 0.73
Daphniidae 2(-) 38.0 2.98 38.2 3.62 34.4 2.37 36.9 2.74
Macrothricidae 1.2 0.45 2.4 0.68 2.0 0.56 3.7 0.99
Sididae 4* 3.2 0.58 3.8 0.69 4.2 0.86 3.2 0.47
Cyclopoida 4(-) 13.5 1.78 8.0 1.19 7.0 0.82 7.8 0.85
Ostracoda 2 15.7 2.38 15.5 2.47 16.8 1.86 16.9 2.41
Chironomidae 3 14.1 1.35 15.8 1.44 19.6 1.94 14.3 0.97
Other Scrapers 1 2.3 0.35 2.9 0.48 3.0 0.43 4.0 0.64
Other Predators 1 2.4 0.38 3.4 0.52 3.3 0.45 3.2 0.37
Total Abundance Not Included 600.0 64.27 578.0 78.39 438.9 45.55 441.2 35.46 0.0898





FACTOR PC ASSOC. SURFACE p-value
PEAT ±SE NO PEAT +SE
Oligochaeta 1* 4.0 0.50 3.6 0.54
Daphniidae 2(-) 36.8 2.03 36.9 2.14
Macrothricidae 2.3 0.47 2.4 0.54
Sididae 4* 3.6 0.52 3.6 0.42
Cyclopoida 4(-) 9.8 0.92 8.3 0.93
Ostracoda 2 16.0 1.46 16.5 1.74
Chironomidae 3 15.6 1.05 16.4 1.12
Other Scrapers 1 2.7 0.28 3.4 0.40
Other Predators 1 3.3 0.33 2.8 0.29
Total Abundance Not Included 490.1 42.96 538.7 41.61 0.3841





FACTOR PC ASSOC. INSTALLATION DATE p-value
SP 02 +SE SU 02 ±SE SP 03 ±SE SU 03 ±SE
Oligochaeta 1* 3.1 0.53 4.5 0.90 3.0 0.41 4.7 0.88
Daphniidae 2(-) 40.1 2.67 33.6 2.89 37.6 3.08 36.2 3.12
Macrothricidae 1.5 0.35 2.1 0.74 4.5 1.04 1.5 0.40
Sididae 4* 3.3 0.50 3.1 0.49 3.7 0.80 4.3 0.83
Cyclopoida 4(-) 10.0 1.47 10.0 1.43 7.6 1.13 8.5 1.13
Ostracoda 2 12.8 1.91 18.4 2.64 15.5 2.02 18.1 2.29
Chironomidae 3 16.9 1.55 18.3 1.87 15.2 1.48 13.6 0.98
Other Scrapers 1 2.6 0.32 2.9 0.46 3.3 0.76 3.4 0.37
Other Predators 1 3.1 0.51 2.8 0.47 3.0 0.38 3.4 0.39
Total Abundance N/A 448.0 45.62 626.2 74.52 502.5 60.42 479.9 51.28 0.1798
Total Richness N/A 17.4 0.71 16.8 0.67 16.6 0.68 16.7 0.60 0.7405
PC-1 Not Included 0.7943
PC-2 Not Included 0.3195
PC-3 0.1578
PC-4 0.1208
indicates significant PC association at <0.50, indicates a negative PC association
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Table 3.6. Summary of mean (±SE) relative abundance, total abundance, and 
richness of invertebrates on in situ plots in TP9 in 2003. Data are presented for 
each of the three factors of the ANOVA: base treatments, surface treatments, 
and installation date, p-values are based on ANOVA results, results significant at 




FACTOR PC ASSOC BASE p-value
NATIVE ±SE SAND ±SE SYN COKE +SE
Fossaria 3* 4.9 0.79 4.6 1.32 5.2 1.06
Chydoridae 2 1.3 0.56 1.6 0.43 1.6 0.58
Daphniidae 2 6.4 2.02 6.1 1.33 7.1 1.57
Cyclopoda 6.4 1.10 4.8 0.77 11,1 1.63
Ostracoda 1(-) 39.7 5.30 47.2 5.19 28.1 3.57
Chironomidae 1 35.4 3.91 30.6 3.33 38.7 3.47
Enallagma 1* 3.6 0.75 2.3 0.60 6.3 2.69
Other Predators 3 2.2 0.45 2.7 0.66 1.9 0.52
Total Abundance Not Included 297.2 63.78 310.4 60.49 239.5 42.80 0.6749




FACTOR PC ASSOC SURFACE p-value
PEAT ±SE NO PEAT +SE
Fossaria 3* 5.2 . 0.97 4.6 0.76
Chydoridae 2 1.8 0.49 1.2 0.35
Daphniidae 2 8.4 1.54 4.7 1.01
Cyclopoda 8.0 1.32 6.8 0.85
Ostracoda 1(-) 35.6 3.81 41.1 4.38
Chironomidae 1 33.1 2.41 36.7 3.40
Enallagma 1* 5.4 1.80 2.8 0.61
Other Predators 3 2.5 0.52 2.1 0.36
Total Abundance Not Included 230.3 43.46 334.4 46.28 0.1087




FACTOR PC ASSOC INSTALLATION DATE p-value
SU 02 +SE SP 03 ±SE SU 03 ±SE
Fossaria 3* 4.8 0.89 6.7 1.37 3.2 0.67
Chydoridae 2 1.3 0.43 2.4 0.71 0.8 0.27
Daphniidae 2 8.1 1.80 7.7 1.93 3.8 0.85
Cyclopoda 5.9 1.09 6.6 1.35 9.9 1.48
Ostracoda 1(-) 30.5 4.82 32.5 4.08 52.1 4.69
Chironomidae 1 41.1 2.83 38.6 3.63 25.0 3.20
Enallagma 1* 6.4 2.70 2.9 0.66 2.9 0.66
Other Predators 3 1.9 0.47 2.6 0.60 2.4 0.58
Total Abundance Not Included 244.3 57.40 264.2 47.57 338.6 62.27 0.7146




indicates significant PC association at <0.50, indicates a negative PC association.
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Table 3.7. Summary of mean (±SE) relative abundance, total abundance, and 
richness of invertebrates on in situ plots in JP in 2003. Data are presented for 
each of the three factors of the ANOVA: base treatments, surface treatments, 
and installation date, p-values are based on ANOVA results, results significant at 
p<0.05 are bolded, almost significant results indicated with italics (p<0.10).
FACTOR PC ASSOC BASE p-value
NATIVE ±SE SAND ±SE SUN COKE ±SE
Chydoridae 2* 3.4 0.97 4.3 0.74 3.4 1.10
Daphniidae 3(-) 10.5 2.83 17.0 3.70 18.9 6.32
Cyclopoida 4 12.9 2.23 11.9 1.95 11.4 3.01
Ostracoda 1 5.4 1.07 4.6 0.89 3.5 1.33
Dasyhelea 2*(-) 10.4 4.23 12.7 4.51 10.0 4.04
Chaoborus 3*(-) 0.9 0.53 2.0 1.29 0.8 0.26
Chironomidae 4(-) 53.6 6.07 44.7 3.69 49.8 6.73
Enallagma 2 2.8 0.51 2.9 0.55 2.1 0.59
Total Abundance Not Included 203.2 41.71 222.6 71.48 241.5 59.61 0.8489





FACTOR PC ASSOC SURFACE p-value
NO PEAT ±SE PEAT ±SE
Chydoridae 2* 3.3 0.69 4.2 0.83
Daphniidae 3(-) 16.9 4.51 14.1 2.75
Cyclopoida 4 12.8 2.46 11.3 1.26
Ostracoda 1 4.1 0.88 4.9 0.93
Dasyhelea 2*(-) 16.3 3.99 5.8 2.14
Chaoborus 3*0 1.7 0.89 0.8 0.28
Chironomidae 4 0 42.8 5.05 55.8 3.53
Enallagma 2 2.1 0.38 3.1 0.48
Total Abundance Not Included 242.5 45.26 202.3 49.20 0.2498





FACTOR PC ASSOC INSTALLATION DATE p-value
SU 02 ±SE SP 03 +SE SU 03 ±SE
Chydoridae 2* 3.8 0.61 3.9 1.15 3.5 1.03
Daphniidae 3(-) 12.1 2.73 22.3 6.44 12.0 3.16
Cyclopoida 4 10.7 1.70 12.5 2.30 13.0 3.08
Ostracoda 1 5.8 1.19 3.2 0.80 4.4 1.22
Dasyhelea 2*(-) 15.7 5.16 3.7 1.59 13.8 4,28
Chaoborus 3*(-) 0.7 0.31 2.1 1.29 0.9 0.46
Chironomidae 4(-) 49.1 4.50 48.8 6.99 50.1 5.49
Enallagma 2 2.1 0.36 3.5 0.70 2.3 0.46
Total Abundance Not Included 321.7 75.16 155.6 41.30 190.0 41.44 0.1125





indicates significant PC association at <0.50, indicates a negative PC association.
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containing more organic material was expected have more invertebrates than a 
sample with very little organic material. Thus, the dry mass of organic materials 
was included as a covariate in each ANOVA (Ciborowski 1991). Planned 
comparisons were used to test expectations of differences in response to base 
materials (native vs. others, sand vs. coke, Syncrude coke vs. Suncor coke), 
where these were shown to significantly affect PC scores.
RESULTS 
General Characteristics of Study Wetlands
SWSD had the highest mean abundance and richness of the three 
wetlands in which in situ patches had been installed (Fig. 3.1). These values 
were graphically compared to those obtained by Leonhardt in 2003. Leonhardt 
(2003) reported that there is a general trend of higher invertebrate richness per 
colonization tile in older reference wetlands compared to young, oil-sands 
process materials (OSPM) affected wetlands, using similar taxonomic categories 
as we used. Invertebrate abundance per colonization tile was lower in mature 
reference wetlands than in young OSPM affected wetlands.
Numerically dominant taxa in SWSD were Daphniidae (44.5%), Ostracoda 
(16.2%) and Chironomidae (16.0%). The fauna of TP9 was dominated by 
Ostracoda (38.3%), and Chironomidae (34.9%). On average, half (49.3%) of the 
organisms per sample collected from JP were Chironomidae.
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Total Invertebrate Abundance
The total abundance of invertebrates per colonization tile collected in 2003 
was not affected by any of the in situ treatments or their interactions in JP (Table 
3.7). (All raw data can be found in Appendix 2.)
However, in SWSD there was a non-significant trend (p<0.09) for 
invertebrate abundance to be to be affected by the base treatment sediments 
overall. Planned comparisons indicated that there were fewer invertebrates in 
treatments that included either form of petroleum coke, compared to the sand 
and native sediment controls (Fig. 3.2a) (planned comparison of coke vs. non­
coke sediments, p<0.05), averaged across all time points. Control treatments 
had a mean total abundance of 600 ± 64 (native) and 578 ± 78 (sand) organisms, 
whereas the test petroleum coke sediments averaged 439 ± 45 (Syncrude coke) 
and 441 ± 36 (Suncor coke) organisms per colonization tile (Table 3.5). Peat 
amendments and installation date had no discernable effect on total invertebrate 
abundance.
In TP9, peat treatments showed a non-significant trend on the total 
abundance of invertebrates (p=0.11). There tended to be fewer invertebrates in 
plots containing peat (Fig 3.3a). No-peat patches averaged 334 ± 46 organisms, 
and peat addition patches averaged 230 ± 44 organisms per colonization tile 
(Table 3.6).
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Fig 3.1. General characteristics of in situ study wetlands in 2003. Mature 
reference and young, OSPM affected wetland abundance and richness values 
obtained from Leonhardt (2003). a) Mean±SE invertebrate abundance per 313 
cm2 colonization tile, b) Mean invertebrate richness per 313 cm2 colonization 
tile.
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Fig 3.2. Invertebrate community trends in the in situ treatments in SWSD. a) The 
effect of base treatments of the in situ plots on the total invertebrate abundance 
per colonization tile recorded in 2003. b) The effect of base treatment on PC-3 in 
2003. c) The effect of base treatment of the in situ plots on PC-4, recorded in 
2003. Error bars represent ±SE.
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Fig 3.3. Invertebrate assemblage trends in the in situ treatments in TP9. The 
effect of peat treatments of the in situ plots on a) the total invertebrate 
abundance and b) the taxa richness of invertebrates per colonization tile 
recorded in 2003. The effect of c) base treatments and d) installation date of the 
in situ plots on PC-1, recorded in 2003. Error bars represent ±SE.
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Richness
The invertebrate richness per colonization tile was not affected by any of 
the in situ treatments in JP or in SWSD in 2003.
In TP9, the invertebrate richness was almost affected by the presence of 
peat (p<0.10). Along with the trend in decreased total abundance seen in the 
peat treatments, this was paralleled by a pattern of lower invertebrate richness in 
peat treatments (Fig. 3.3b). The mean number of invertebrate genera on no-peat 
patches was 12.0 ± 0.6, vs. 10.7 ± 0.5 on plots to which peat had been added.
Relative Abundance of Invertebrates
SWSD
Invertebrate groups included in the PGA were Oligochaeta, Ostracoda 
(seed shrimp), Cyclopoida (Copepoda), Chironomidae,the cladoceran families 
Daphniidae, Macrothricidae, and Sididae, as well as “Other Scrapers” (lymnaeid 
and planorbid snails, Ephemeroptera, and phryganeid caddisflies), and “Other 
Predators” (leeches, Hydra, Hydracarina, Dytiscidae, other dipterans, dragonflies 
and damselflies, the caddisfly Polycentropus, and hemipterans).
Four factors were extracted from the data, which together accounted for 
69.1% of the variation in the invertebrate relative abundances; 18.9%, 20.9%, 
14.4%, and 14.9%, respectively for each factor (Table 3.4). Relative abundances 
of “Other Scrapers” and Predators were significantly (r >0.700) associated with 
the first PC, Oligochaeta relative abundance was also associated with this factor 
(r>0.500). Ostracoda (positively) and Daphniidae (negatively) were significantly
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associated with PC-2. PC-3 showed significant associations with only 
Chironomidae. Cyclopoida was significantly negatively associated with PC-4, 
and Sididae was moderately associated with this factor (Table 3.4).
A non-significant trend in scores of PC-3 was observed with respect to in 
situ base treatments (p<0.10; Fig 3.2b). Chironomidae was the only invertebrate 
group significantly associated with this factor, and their relative abundance was 
slightly greater in the presence of Syncrude Coke, and slightly lower in the 
Suncor Coke patches (planned comparison Syncrude coke vs. Suncor coke, 
p<0.05). The value of PC-4 was highly significantly affected by base treatments 
(p<0.001; Fig 3.2c). Cyclopoida relative abundances were negatively associated 
with this factor, and they made up a greater proportion of the biota on native 
sediment (13.5% vs. 7-8%) amendments than on any of the other treatments 
(planned comparison, native vs. other sediments, (p<0.001; Table 3.5). Neither 
of these factors (PCs 3 and 4) varied significantly with respect to surface 
treatments of peat, or by the length of time since plots were put in place.
Values of PCs 1 and 2 were not affected by any of the treatment factors, 
or their interactions. The covariate of organic matter was not found to be 
statistically significant.
Common invertebrates found in SWSD ranged from sensitive to tolerant 
taxa (Table 3.8), although 3 ‘sensitive’ groups (those having a tolerance score 
of 4 or lower) of invertebrates were common at SWSD whereas only 2 were 
common at TP9 and JP.
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Table 3.8. General characteristics of common invertebrate groups collected from 
colonization tiles in wetlands in Fort McMurray, Alberta. All information was 
compiled from Barbour (1999) and Lougheed (2002). Tolerance values indicate 
the ability of an organism to withstand general anthropogenic stress. Tolerance 
values range from 0-10, with 0 representing an extremely sensitive organism, 
and 10 a very tolerant organism.
Taxon Habit FFG Tolerance SWSD TP9 JP
Fossaria Aquatic Snail Scraper 8 X
Oligochaeta Burrower Gatherer 8-10 X
Chydoridae Benthic Filterer 2 X X
Daphniidae Planktonic Filterer 2 X X X
Macrothricidae Planktonic Filterer 3 X
Sididae Planktonic Filterer 2 X
Cyclopoida Meiobenthic Gatherer 8 X X X
Ostracoda Meiobenthic Gatherer 8 X X X
Enallagma Climber Predator 9 X X
Chironomidae Burrower Various 6* X X X
Dasyhelea Sprawler Gatherer 6 X
Chaoborus Planktonic Predator 8 X
* Within the genus of Chironomidae, there is a wide range of sensitivities to contaminants
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TP9
Invertebrate groups included in the PCA analysis were Fossaria 
(Lymnaeid snail), Ostracoda, Chironomidae, Enallagma (damselfly), the 
cladoceran families Daphniidae and Chydoridae, as well as “Other Predators” 
(Hydracarina, Dytiscidae, other dipterans, dragonflies, hemipterans, and Sialis 
dobsonflies).
Three factors were extracted from the data, which together accounted for 
64.4% of the variation in the invertebrate data; 27.4%, 21.9%, and 15.1% 
respectively (Table 3.4). Chironomidae were significantly, positively, and 
Ostracoda was significantly negatively associated with PC-1. Enallagma were 
moderately strongly (>0.60) associated with this factor. Both cladoceran families 
(Daphniidae and Chydoridae) were significantly associated with PC-2. Other 
Predators were significantly associated with PC-3. Fossaria was moderately 
associated with this factor.
PC-1 was the only factor in this wetland that was significantly affected by 
the in situ treatments. Base treatments had a significant effect on PC-1, where 
PC-1 scores were correlated with greater relative abundance of Enallagma and 
Chironomidae and lower relative abundance of Ostracoda. Syncrude Coke 
treatments had significantly higher PC-1 scores than sand or native controls 
(planned comparison, coke vs. non-coke treatments, (p<0.05; Fig 3.3c), with 
corresponding greater relative abundance of Chironomids and Enallagma and 
relatively few Ostracoda (Table 3.6).
PC-1 scores also significantly varied with respect to installation date of the 
most recently created patches had the lowest PC scores at the time of sampling
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in 2003 (Fig 3.3d). Enallagma and Chironomidae both showed a non-significant 
trend (planned comparison summer 2003 vs. older treatments, p<0.20) of higher 
relative abundance in the oldest treatments (those installed in late summer of 
2002), whereas Ostracoda were present in the greatest proportions in the 
youngest treatments (those installed in summer late summer of 2003, 8 days 
prior to sampling with colonization tiles) (Table 3.6).
JP
Invertebrate groups included in this PCA analysis were the dipterans: 
Dasyhelea (Ceratopogonidae) and Chaoborus (Chaoboridae); Ostracoda, 
Cyclopoida, Chironomidae, Enallagma (damselfly), Daphniidae, and Chydoridae.
Four factors were extracted from the data, which together accounted for 
80.0% of the variation in the invertebrate data; 19.0%, 21.1%, 19.8%, and 20.1% 
respectively (Table 3.4). Ostracoda relative abundance were strongly associated 
with scores for PC 1 (r>0.700). Enallagma (significantly, r>0.700), Chydoridae 
(moderately, r>0.500), and Dasyhelea (moderately, negatively) were associated 
with PC-2. Daphniidae were significantly negatively associated with the third 
factor, and Chaoborus was moderately negatively associated with this factor. 
Cyclopoida showed significant positive, and Chironomidae, significant negative 
associations with PC-4.
PC-2 was the only factor to vary significantly among in situ treatment 
sediments in 2003. This factor was significantly positively affected by the 
presence of peat surface treatments (Fig 3.4). Peat-amended patches supported
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greater relative abundance of Enallagma and Chironomidae in this wetland, but 
had lower relative abundances of Dasyhelea (Table 3.7).
DISCUSSION 
General Characteristics of Study Wetlands
Bendell-Young et al. (2000) reported that wetlands receiving inputs of oil 
sands effluent tended to contain fewer invertebrate taxa than those that were 
unaffected by oil sands materials. SWSD was constructed as a reference 
wetland without any inputs of oil sands effluents, TP9 received a one time input 
of process affected waters, and JP was constructed with both process affected 
fine tailings and process affected water. The latter wetland received continuous 
inputs of process affected water. The richness of invertebrates per colonization 
tile collected from TP9 and JP reflect the impact that various oil sands process 
materials can have on invertebrate communities.
Ciborowski et al. (1995) suggested that profound, non-specific reductions 
in invertebrate richness and abundance are characteristic of highly toxic 
sediments. The non-specific reduction of total invertebrate abundance witnessed 
JP in comparison to SWSD may be evidence of the toxicity of the oil sands 
effluents. It is not clear if this reduction in invertebrate abundance is a result of 
direct toxicity of these sediments, or is mediated by the reduction of growth and 
diversity of macrophytes in these constructed wetlands (Table 2.6). Hornung and 
Foote (2006) found that the volume of aquatic macrophytes, and the
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Fig. 3.4. The effect of in situ peat treatments in JP on the relative abundance of 
PC-2 associated invertebrates per colonization tile as measured in 2003. Error 
bars represent ±SE.
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complexity of macrophyte architecture were significantly and positively correlated 
with abundance and diversity of invertebrates.
Core samples may have been a better reflection of the abundance and 
diversity of the invertebrate community most closely associated with the 
treatments, initially, but would have cumulatively destroyed the test patches, 
because of the removal of sediment with each sample. Patches created at the 
beginning of this project would have been sampled up to five times, and a 
significant proportion of the treatment would have been lost by the final sampling 
period.
Invertebrate Abundance
In SWSD, coke treatments almost-significantly affected the abundance of 
invertebrates. Mean abundance was lower in the coke treatment patches than in 
those to which native sediment or sand was added. However, this effect was not 
seen in the either of the OSPM-affected wetlands in this study. The reference- 
type wetland, with no OSPM, likely supports more sensitive taxa, which were 
negatively influenced by the presence of the petroleum coke. In the OPSM 
wetlands, the more sensitive organisms are not likely to be present, and thus the 
invertebrate assemblage present is relatively insensitive to petroleum coke 
treatments.
Several studies have demonstrated that benthic invertebrate populations 
in “stressful” environments may be locally tolerant, (Klerks and Levinton 1993, 
Groenendijk et al. 1999, Beeby and Richmond 2001). Invertebrates present in
117
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both TP9 and JP live in the presence of elevated salinity and (in the case of JP) 
sediment associated contaminants as a result of the inputs of oil sands effluent. 
The adaptations that permit these populations to deal with the chemical stresses 
of these wetlands, possibly allow them to be unaffected by the addition of 
petroleum coke amendments. Alternatively, these taxa may be either highly 
mobile or planktonic (and thus are seldom in contact with the coke substrate), or 
are habitat generalists.
In TP9, peat additions decreased the local abundance of invertebrates. 
Nelson et al. (2000) observed that large amounts of organic material can inhibit 
invertebrate colonization. Decaying detritus created an oxygen demand in the 
sediments and surrounding water, resulting in the absence of oxygen-sensitive 
zoobenthic taxa (Nelson et al. 2000). Peat also may have locally inhibited plant 
establishment and this affected the local abundance of zoobenthos (Barko and 
Smart 1983, de Szalay and Resh 2000). These effects are probably most 
pronounced in TP9, as the sediments in this wetland contain the least amount of 
organic matter, compared to SWSD and JP.
Taxa Richness
In TP9, peat plots had slightly lower local invertebrate richness than those 
lacking peat. This parallels the patterns of invertebrate abundance observed in 
the peat treatments, possibly as a result of oxygen demand created by the 
microbes that utilize this resource.
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In situ petroleum coke treatments in all three study wetlands did not 
significantly affect the overall invertebrate richness compared to controls. 
Apparently, petroleum coke amendments at the scale of this experiment do not 
possess the toxic potential to cause a broad decrease in richness in these 
wetlands. However, the invertebrate community composition may have shifted 
from dominance by sensitive species, to more tolerant organisms.
Relative Abundance of Invertebrates
SWSD
Chironomidae were more predominant on Syncrude coke treatments than 
the other sediment treatments in this wetland. The sensitivities of different 
genera of Chironomidae to contaminants range widely; they also vary according 
to the type of contamination. Even in the most severely contaminated 
environments, certain chironomid subfamilies (e.g. Orthocladiinae chironomids 
(Clements 1994, Swansburg et al. 2002)) will persist, comprising a large portion 
of the remaining community (Swansburg et al. 2002). A shift in the invertebrate 
community to a greater proportion of Chironomidae in the Syncrude Coke 
treatments might indicate that this material contains some contaminants that 
were not detected in this study. Suncor coke appeared to decrease the relative 
abundance of chironomids. Squires (2005) hypothesized that a decrease in 
chironomid survival in Suncor Coke sediments in the laboratory may be due to 
the texture of the coke particles. Chironomus are burrowing invertebrates
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(Barbour et al. 1999), and the large particles may be physically limiting to the 
organisms.
Cyclopoida were relatively more abundant in native treatments in this 
wetland, compared to the other in situ sediments in 2003. Many Cyclopoida are 
meiobenthic burrowers (Dole-Olivier et al. 2000) ingesting sediment particles, 
and have been shown to have reduced populations in the presence of 
contaminated sediments (Kovatch et al. 2000). Lower relative abundance on 
sand, Suncor Coke, and Syncrude Coke treatments might reflect the inability of 
Cyclopoida to burrow or ingest these inorganic and potentially toxic particles, or it 
could simply reflect the absence of other benthic taxa on these substrates. 
Although Sididae (planktonic, filter-feeding) showed a statistically significant 
increase in some in situ treatments, this was an increase of less than 1% relative 
abundance, which is too small to be of much importance in this study.
TP9
This OSPM-affected wetland had fewer sensitive invertebrate groups (2) 
than did the reference wetland, SWSD (3) (Table 3.8), and was more similar to 
JP, despite being 6 years older than JP.
The taxa associated with PC-1 were the only ones to be significantly 
affected by in situ treatments in this wetland. There appeared to be greater 
relative abundance of both Chironomidae and Enallagma in Syncrude Coke 
treatments, than in native sediments. Again, greater chironomid relative 
abundance on coke sediments possibly reflects the presence of contaminants in
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this sediment, to which, some of the chironomid genera are tolerant (due to 
overall presence of contaminants in the OSPW). Bendell-Young et al. (2000) 
reported that oil sand effluent in wetlands reduced the diversity of invertebrates 
and created conditions that were favourable for Chironomidae.
Enallagma are large, mobile predators, and are considered a tolerant 
genus (Barbour et al. 1999). They often co-occur with other predatory 
invertebrates, and may modify their feeding behaviours in response to the 
presence of larger predators, which reduces competition as well as predation 
(Koperski 1997). Many other large, but less common predatory invertebrates 
were collected in TP9, such as dytiscid beetles, and aeshnid dragonflies, which 
are less tolerant (Barbour et al. 1999), (values of 5), than Enallagma (tolerance 
value of 9). The potentially-contaminated sediments (petroleum coke) may be 
providing refuge and less competition for Enallagma from these other larger 
predators.
Ostracoda exhibited higher relative abundance on sand and native 
treatments than on Syncrude Coke. Ostracods are considered a tolerant group 
(Barbour et al. 1999); thus they may reflect the avoidance of predation from the 
increased abundance of Enallagma (a more sensitive species) in the Syncrude 
Coke treatments.
PC-1 was also significantly affected by the installation date of the in situ 
treatments, where Chironomidae and Enallagma were present in lower numbers 
on younger treatments than older ones. This may be due to increased 
macrophyte growth on older treatments (see Chapter 2). Macrophytes provide
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structural complexity that can affect predation (Schriver et al. 1995) and food 
availability. Plants also provide attachment sites and building materials for 
shelter (Campeau et al. 1994).
JP
In situ sediment amendments of coke had no discernable effect in this 
wetland, when compared to control treatments. However, the addition of a 
surface layer of peat significantly increased the relative abundance of 
Chironomidae and Enallagma, and decreased the relative abundance of 
Ostracoda. There could be several explanations for this trend. Many species of 
chironomids feed on this detrital organic matter, which in turn might lead to an 
increase in those organisms that prey upon them (Enallagma), and a decrease in 
those organisms that avoid predators (Ostracoda). However, in Chapter 2, there 
was a non-significant trend of increased macrophyte biomass on in situ plots with 
peat vs. those without (Table 2.4). This increase in the macrophyte community 
might be increasing structural complexity, attachment sites, food sources, and 
shelter for invertebrates, as seen in TP9.
CONCLUSIONS
Small amendments of petroleum coke in constructed wetlands containing 
oil sands effluents did not appear to significantly affect the abundance or 
richness of invertebrates in wetlands that were constructed with oil sands 
process water (TP9) and sediments (JP). However, effects of petroleum coke
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amendments were observed in a reference wetland (SWSD). Invertebrates 
common to wetlands constructed with OSPM are likely to be tolerant of 
generalized stress, causing them to be relatively insensitive to small additions of 
further stress. However, there appeared to be a shift in the makeup of the 
community in plots amended with coke, showing increased relative abundances 
of Chironomidae and Enallagma. This type of community response has been 
reported in other studies (Hart and Lovvorn 2005) as characteristic of an increase 
in salinity.
SWSD showed signs of invertebrate impairment with additions of 
petroleum coke, and this is likely due to avoidance of coke substrates by more 
sensitive invertebrate taxa, than might be found in the OSPM impacted wetlands. 
These results suggest that the use of petroleum coke as a sediment amendment 
in constructed wetlands might be better suited to those wetlands already 
containing oil sands effluents. Stress imposed by the use of coke substrates 
may be masked by the stress effects of oil sands process water and or 
sediments over the relatively short time course evaluated in this study. Longer- 
term studies that persist to the point where effects of OSPW and sediment 
become negligible could theoretically reveal latent effects of the sorts seen in the 
reference wetland. The addition of petroleum coke to otherwise unaffected 
wetlands would not be likely to benefit the invertebrate community.
In TP9, peat plots had slightly lower local invertebrate richness than those 
lacking peat. This parallels the patterns invertebrate abundance also observed in
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these peat treatments, likely as a result of oxygen demand created by the 
microbes that utilize this resource.
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CHAPTER IV
TRACE METAL CONCENTRATION OF PORE WATER AND AQUATIC BIOTA 
ASSOCIATED WITH PETROLEUM COKE SEDIMENT AMENDMENTS 
INTRODUCTION
Aquatic sediments play a significant role in the sorption of many persistent 
and toxic chemicals in the environment. Aquatic sediments can contain levels of 
organic and inorganic contaminants many times higher than water column 
concentrations (Chapman 1986). Metal contamination is one of the most 
important environmental problems in anthropogenic-affected aquatic ecosystems 
(Richardson and Kiffney 2000). The effects of increased inputs of trace metals in 
aquatic sediments and water, through additions of polluted effluents or urban 
runoff on macrophyte and invertebrate communities may not always be readily 
visible for several reasons, including; tolerance and acclimation, evolution of 
resistance, avoidance, and bioavailability (reviewed by Klerks and Levinton 
1993). Deng et al. (2004) have found that many macrophytes exposed to high 
levels of some trace metals will sequester them in root tissues, thus excluding 
these metals from physiological processes. Chironomus riparius midge larvae 
showed an increased ability to shed accumulated metals in the presence of high 
levels of Cd and Zn (Groenendijk et al. 1999). Klerks and Levinton (1989) found 
that an aquatic oligochaete species, Limnodrilus hoffmeisteri exposed to high 
concentrations of metals, rapidly developed resistance to the toxic effects of 
these metals, compared to conspecifics collected from reference sites. Lefcort et 
al. (2004) found that aquatic snails were capable of detecting and avoiding
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patches of even low concentrations of heavy metals. High concentrations of 
metals in aquatic sediments do not exert equal effects on all communities. The 
bioavailability strongly depends on chemical speciation of that metal (Peijnenburg 
etal. 1997).
The chemical and physical make-up of a body of water affects the species 
composition trace metal in that environment (Wood et al. 1997). Trace metals 
can exist in many chemical forms (or species) in aqueous solutions. For 
example, copper (Cu) can exist in the form of the free ion (Cu2+), hydroxo 
complexes (CuOH+), chelate complexes with organic ligands, or sorbed on 
particles. Each ionic form is considered a species of copper, and the sum of their 
concentrations is considered the total concentration of copper. Freely dissolved 
metal ions are believed to be the species that are most bioavailable to aquatic 
organisms, having the greatest potential to cause adverse effects, and thus 
present a concern in the aquatic environment (Morgan 1987, Peijnenburg et al. 
1997, Paquin et al. 2002, Janssen et al. 2003, Caruso and Montes-Bayon 2003). 
There is significant evidence that the concentration of a chemical in the pore 
water of sediment can be used to predict the bioavailability of that chemical to 
aquatic organisms (Giesy et al. 1990, Ditoro et al. 1991, Kemble et al. 1994, 
Leonard et al. 1996, Hassan et al. 1996, Hund-Rinke and Kordel 2003).
The toxicity and bioavailability of metals to individual populations may be 
easier to assess than community-level effects, by directly measuring tissue 
concentrations of resident biota (Borgmann et al. 1993). This may be especially 
appropriate at low concentrations of contaminants, where community and
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individual-level stresses may not be apparent (Ciborowski et al. 1995). Accurate 
information about the concentration of metals in aquatic foodweb compartments 
is needed for site-specific, environmental risk assessments (Petri and Zauke 
1993). Chapman and Long (1983) argued that knowing the concentration of 
toxic chemicals in aquatic compartments is a necessary component to the 
understanding of the toxicity of contaminated sediments. Field-based 
microcosms of contaminated sediments have become a powerful tool for both the 
validation of laboratory results and the assessment of site-specific sediment 
toxicity (Chapman et al. 1998).
The Environmental Protection and Enhancement Act of Alberta (EPEA) 
requires oil sands operators to reclaim the landscape to a land capability 
equivalent to pre-disturbance conditions. They must also take into account the 
intended end-uses of the new landscape. This reclaimed land must be 
continuous with the surrounding landscape (Oil Sands Wetlands Working Group 
2000). Constructed wetlands will comprise approximately 20% of the final 
reclamation landscape, and will contain significant amounts of fluid waste 
products produced during the recovery of oil products. The use of constructed 
wetlands for the remediation of fluid wastes contaminated with trace elements 
has recently gained worldwide interest (Ye et al. 2003). They are highly valued 
for their ability to act as filters, sinks and transformers for contaminated 
sediments, nutrients and water-borne pollutants (Hook 1993).
Oil-sands operators of Fort McMurray, Alberta (56°39’0” N, 111°13’0” W) 
produce approximately six million tonnes of petroleum coke per year as a by-
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product of oil sands mining. The use of this waste product to stabilize clay- 
dominated mine tailings in constructed wetlands is currently being studied as an 
option for landscape reclamation. They believe petroleum coke can increase the 
stability of clay-dominated waste sediments in constructed wetlands, increasing 
the rate at which these wetlands establish functional invertebrate and 
macrophyte communities. Many laboratory studies show petroleum coke created 
from Athabasca oil sands bitumen may leach significant amounts of metals (Jack 
et al. 1979a, Jack et al. 1979b, Chung et al. 1996, Taplin and Devenny 1998, 
Scott and Fedorak 2004, Squires 2005, Puttaswamy and Liber 2006). However, 
laboratory tests of metal toxicity may not entirely represent natural conditions 
(Marr et al. 1998, Gravenmier et al. 2005, Madoni and Romeo 2006), where site- 
specific water quality constituents can influence bioavailability of contaminants 
(Wood et al. 1997).
The microcosm experimental study was designed to investigate the utility 
of petroleum coke as a capping material for the oil sands process wastes (fine 
tailings) in constructed wetlands. This experiment was conducted to examine the 
potential for petroleum coke to limit the exposure of aquatic biota to the 
associated contaminants in the fine tailings. This investigation focussed on the 
potential for the presence of petroleum coke sediment amendments in 
constructed wetlands to significantly alter the concentrations of trace metals in 
pore waters and compartments of the aquatic foodweb. I expected that the 
presence of petroleum coke amendments would increase the concentration of
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many trace metals in pore waters, and the tissues of macrophytes and 
invertebrates that colonize these amendments, compared to control treatments.
MATERIALS AND METHODS 
Sampling Sites
To examine the effects of petroleum coke sediment amendments on metal 
concentrations in pore water, macrophytes and invertebrates, the microcosm 
experiment was installed in the constructed reference wetland, SWSD. Pore 
waters, macrophytes and invertebrates were collected from each individual 
microcosm tote from this experiment during the period of August-September, 
2005. Complementary identical sampling was done in the reference wetlands, 
Beaver Pond (July 19, 2005) and U-shaped Cell (USC; July 20, 2005). Methods 
will be described in the order in which the samples/measurements were 
collected.
Experimental sediments were contained within a Rubbermaid tote, to 
examine the vertical mobility of contaminants and to limit the horizontal 
movement of pore waters (M.D. MacKinnon, Syncrude Canada Ltd., per. comm.). 
Selected treatment sediments were layered into a 53-L Rubbermaid Roughneck 
Storage Tote (Fig 1.6). The bottom layer (30 cm) consisted of native wetland 
sediment, CT or MFT. The middle layer (10 cm- the “capping” layer) consisted of 
either Syncrude mine tailings sand, Syncrude coke or more of the material from 
the layer below. The top layer (2 cm) consisted of either “peat” (this was a 
mixture of muskeg and topsoil, salvaged from the pre-mining landscape, and
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typically used in terrestrial reclamation) or more of the material from the layer 
below. This design gave us a total of 18 different treatments (3 bottom-layer 
treatments x 3 middle-layer treatments x 2 surface treatments). Two replicates of 
each treatment were installed in a stratified random arrangement in June 2002 in 
the reference wetland (SWSD) only.
Sand was used as an inorganic, but non-toxic control for the coke. If coke 
is truly non-toxic, but impedes colonization by wetland biota through lack of 
particulate organic material or sediment texture, then these two treatments 
should have negative, but similar, effects on the invertebrate and macrophyte 
communities relative to the ‘native sediment’ treatment. In treatments using 
native sediment, the wetland material was excavated, and then placed into the 
tote, to serve as a control for the disturbance.
Shallow Wetland South Ditch
SWSD (Fig. 1.3) had a surface area of approximately 720 m2, and a 
volume of 418 m3 in 2001 (Ganshorn 2002), although this wetland was 
somewhat deeper in 2005 (pers. obs.). It formed from a depression created by 
excavating material to form a berm along the south margin of another wetland, 
Shallow Wetland, in the reclaimed landscape. The depression filled with 
rainwater in 1993. Although this wetland is technically “constructed”, it received 
no inputs of oil sands waste materials. It is assumed that characteristics of this 
wetland will be similar to those of a natural wetland of the same age located off 
the oil sands reclamation area. The surface water has low conductivity
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(approximately 600 pS/cm), and the sediment is 5.2% organic material, 
determined by Loss on Ignition (LOI) (Ganshorn 2002).
Reference Wetlands
To assess the validity of some of the assumptions made about study 
wetlands, two additional wetlands were sampled in the same manner as SWSD. 
Beaver Pond (BP) is a natural wetland located on a section of the Syncrude 
lease that had not yet been cleared for mining activities. The age of this wetland 
is unknown, but it is assumed to be at least 30 years old, and thus can be 
grouped with SWSD as a “mature” wetland. It was formed by the damming of a 
culverted stream by beavers. The surface waters are relatively low in 
conductivity (900 pS/cm) and salinity (0.5 ppt). Sampling of this wetland will help 
us to determine a baseline for trace metal concentrations in the Athabasca oil 
sands area in 2005.
U-Shaped Cell (USC) is a constructed wetland located in the heart of 
current mining operations on the Syncrude lease, next to Mildred Lake Settling 
Basin. It was built on top of a large stockpile of tailings sand using a plastic liner 
to contain the water, and contains very little organic material. Although no 
organic sediment was added to the wetland, significant amounts (a depth of 
approximately 5 cm) of Syncrude coke has blown into this wetland from adjacent 
stockpiles. The water is has low conductivity (450 pS/cm), and low salinity (0.2 
ppt). Samples from this wetland were collected to determine the concentrations
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of trace metals in sediments and biota from a wetland whose substrate consisted 
only of weathered Syncrude coke.
Macrophyte Collection
Samples of macrophytic growth were collected from each of the 32 totes 
in the microcosm study, during the period August 15-19, 2005.
All macrophytes (almost exclusively Chara vulgaris) were hand pulled 
from the surface of the treatment sediments. In most cases, this plant which was 
superficially anchored in the sediment formed a continuous mat over the bottom 
of the wetland. Where Chara growth exceeded the boundaries of a tote, a plastic 
knife was used to cut the plants at the outside edge of the tote, and this square of 
material was collected.
The entire sample of macrophytes collected from each tote was placed 
into its own clean black garbage bag, which was sealed with flagging tape, 
denoting the corresponding sample number. Samples were placed into a cooler 
until they could be transported to the Syncrude environmental facilities (2-3 h). 
Bags of samples were stored in a 4°C refrigerator until processing. All plant 
samples were either processed approximately 24 h after collection, or were 
frozen for later processing.
After approximately 24 h, the samples were removed from the plastic 
garbage bag and placed into a clean sink. The mat of Chara was pulled apart 
and examined for benthic invertebrates (odonates, snails). Any invertebrates 
collected were separated by family, rinsed with distilled water, blotted on a paper
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towel, transferred to labelled, acid-washed polypropylene vials, and frozen at 
-20°C.
Subsamples of each macrophyte species from approximately half of the 
samples were individually rinsed in distilled, de-ionized water, blotted on a paper 
towel, transferred to labelled plastic sample vials, and frozen at -20° C. Due to a 
plumbing malfunction, the remainder of the plant materials from each sample 
could not be rinsed or weighed, and were then discarded. The sink was cleaned 
and rinsed with distilled water between samples. These subsamples and the 
remaining halves of unprocessed macrophyte samples were transported frozen 
to the University of Windsor and stored at -20°C.
The unprocessed samples were later thawed and processed in the same 
manner as described above. Total concentrations of trace elements were 
analysed by ICP-MS at the University of Windsor, Great Lakes Institute for 
Environmental Research Analytical Laboratory.
Pore Water Sample Collection, Extraction and Physio-Chemical Analysis
Two sediment cores (40 cm long x 5 cm inside diameter) were taken from 
each tote. Coring tubes consisted of clear, high density polyethylene, 
approximately 1.5 mm thick. The ends of the tubes were sharpened to facilitate 
movement through the sediment and reduce distortion of the sediment horizons. 
The tubes were pre-washed with a mild detergent and air-dried prior to use. 
Sediment was collected by pressing the coring tube by hand vertically into the 
tote approximately 10 cm from a wall, until it met the bottom of the tote, or could
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not be pressed in any deeper. Some totes had been displaced (tilted on a 45° 
angle relative to the sediment surface) from the wetland sediments, but still 
contained the majority of treatment sediments; therefore, cores were taken 
through the sediments, parallel to the sides of the tote. A plastic stopper was 
then inserted into the top of the tube to create a seal, and the core was gently 
lifted from the tote. To prevent oxidation of the sediments by exposure to the air, 
the core was held underwater until the base could be sealed with another 
stopper. The tube was then removed from the water, and excess surface water 
was poured off from the top of the core. Two-three cm of water was left on the 
top of the core, to prevent exposure to the air. The stoppers were then secured 
and wrapped with Parafilm to prevent leaks. The core was then marked with the 
treatment number. A second core was taken from the opposite side of the tote 
and treated in the same manner. All cores were stored upright, and transported 
back to the Syncrude facilities. They were placed in a -20° C freezer and frozen 
in an upright position (to maintain the seal of the surface water cap) within 4 h of 
removal from the wetland.
The samples were individually wrapped in polyethylene bags, packed 
vertically into a Rubbermaid tote and transported frozen to the University of 
Windsor. Cores remained frozen until pore water extractions began in July 2006.
Pore water was extracted from selected cores in July 2006. The objective 
was to determine metal concentrations in pore waters of each of the three 
sediment layers of each tote. Two replicates of each base treatment; (CT, MFT
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or Native) with middle/surface treatments of either Syncrude Coke or additional 
base materials were selected (total of 2x3x2 = 12 cores) for analysis.
All supplies used in the extraction process consisted of plastic or glass, 
acid washed and air dried prior to any contact with the sediments. Separate acid 
washed tools were used for each core.
To extract pore water from the sediment, a sealed core was randomly 
selected and placed upright into a refrigerator (4°C) for 12-16 h (overnight) to 
partially thaw the material. This was then transferred to an anaerobic chamber, 
to prevent oxidation of the sediments. The anaerobic chamber was washed with 
ethanol, and plastic-lined absorptive bench paper was used to line the bottom, to 
prevent cross-contamination. The length of each sediment core was measured 
at this time, to determine where to separate each layer. Surface/middle layers 
were estimated at 5-10 cm from the top surface (oxic layer), and base layers at 
10 cm below this (anoxic layer). It had been difficult to press the core deeply into 
many of the totes, and many cores contained little of the base sediments.
The top cap of a tube was removed and the surface water was poured off. 
The bottom cap of the tube was then removed. A plunger pushed from the top of 
the tube was used to extrude the partially frozen sediment. When the base 
sediment layer was fully extruded to its horizon, it was broken off with a spatula 
and placed into a labelled beaker. The middle/surface layer was extruded into 
another labelled beaker. The coring tube, plunger and caps were removed from 
the anaerobic chamber to prevent cross-contamination.
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The spatula was used to break up consolidated chunks. Each layer was 
then scooped into its own centrifuge tube (Nalgene® 50-mL High-Speed 
polypropylene copolymer tubes, or Nalgene® 50-mL High-Speed Teflon® 
fluorinated ethylene propylene) and capped with a lid and a layer of Parafilm. 
Multiple tubes were often required for a single section. These tubes were then 
removed from the anaerobic chamber and stored at 4°C until centrifuging. The 
chamber was washed before processing each sediment core.
Pore water was extracted from the sediment by spinning down the solids 
at 4,000 rpm in a refrigerated centrifuge, at 4°C, for 60 min. Maximum 
compression of solids appeared to be achieved during this time interval (pers. 
obs.) at this particular speed, and further centrifuging had no visible effect. Pore 
waters sat on top of the sediments.
In the anaerobic chamber, the centrifuge tubes were unsealed and 
extruded pore water was carefully poured off into a glass 15-mL flask. Water 
collected from multiple centrifuge tubes of same treatment sediments of the 
same core were combined at this point. The pH, dissolved oxygen concentration 
(DO) and redox potential (Eh) were measured using a Thermo Electron Corp. 
Orion 5 Star portable pH-conductivity-DO meter. Each probe was rinsed with de­
ionized water and wiped with a low-linting, low-extractables laboratory tissue, to 
remove excess water before and after each measurement.
The pore water was then filtered using a disposable, Whatman 25-mm 
polypropylene, 0.45-pm syringe filter, into a 60-mL, low-density polyethylene, 
narrow mouth Nalgene® sample bottle. No more than 10 mL was passed
141
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
through any filter, to prevent unwanted materials from being forced through. This 
water was then acidified with one drop of ultra-pure, laboratory grade nitric acid 
(16 N). The bottle lid was secured, Parafilmed and returned to the 4°C  
refrigerator. Pore water samples were analyzed by ICP-MS at the University of 
Windsor, Great Lakes Institute for Environmental Research Analytical 
Laboratory.
Macroinvertebrate Collection
After macrophytes had been removed from a tote, the top 10cm of the 
surface sediment layer was scooped up and sieved using a D-frame dip net 
(mesh size 500 pm) to remove excess fine particles. The sieved sample was 
rinsed with filtered wetland water into an appropriately labelled, polyethylene bag. 
The dip net was then inverted and washed to ensure all debris was removed 
before sampling the next tote. Samples were placed in a cooler, until they could 
be returned to the Syncrude research facilities.
Samples were stored in darkness at 4°C for approximately 24 h. Each 
sample was placed into a clean, plastic basin, covered with water, and examined 
for living invertebrates, which were hand picked from the debris. Invertebrates 
were rinsed with distilled water, blotted on a paper towel, separated by family, 
and placed into acid washed plastic vials and frozen. Invertebrates collected 
from macrophytes of the same tote were combined with the hand-picked 
invertebrates. The vials were transported and stored frozen at -20°C at the 
University of Windsor until analysis. Invertebrates collected from macrophyte
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samples processed at the University of Windsor were also combined with the 
hand-picked samples from the same tote. Selected samples, corresponding to 
the sediment core samples, were processed by ICP-MS for trace element 
concentration at the Great Lakes Institute for Environmental Research Analytical 
Laboratory.
Sampling of Beaver Pond and U-Shaped Cell
In order to determine random sampling locations from each of these 
wetlands, the entire shoreline of the wetland was divided into numerous equal 
portions, which were marked with numbered stakes. Using a random number 
table, five numbered sections were chosen as sampling sites from each wetland.
A rectangular frame was constructed from 2.5cm thick plastic pipe, to the 
exact size of the top the model of Rubbermaid Roughneck tote used in the 
microcosm study. At each randomly chosen numbered location in Beaver Pond 
and USC, this frame was placed by blindly throwing it into the wetland. Where it 
landed, it was secured to the bottom sediment, and all sampling took place only 
within this frame, to mimic the restricted area of sampling within the totes in 
SWSD.
Water quality characteristics (pH, temperature, dissolved oxygen 
concentration, conductivity, and salinity) were recorded at each sampling location 
in these two wetlands, using a handheld 556 MPS YSI multimeter. This was 
accomplished by fixing the probe to a long pole, which was then held in the water 
approximately 20cm directly above the surface of treatment sediments. This
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allowed the sampler to take measurements without entering the wetland, stirring 
up the sediment and potentially altering water quality parameters.
The same sampling techniques used in the microcosm study were used to 
collect identical samples from BP and USC. The samples were processed 
entirely at the Syncrude facilities; handled, processed, stored, and transported in 
a manner identical to samples from SWSD. Due to extremely limited macrophyte 
growth in USC, macrophytes used for analysis were collected from outside of the 
frame. The paucity of invertebrates in this wetland also made collection of 
invertebrates for metal concentration determination impossible.
Statistical Analyses
Principal components analysis (PCA) was used as a data reduction tool 
for each of the three data sets: trace element concentrations in water, trace 
element concentrations in macrophytes, and trace metal concentrations in 
selected genera of macroinvertebrates. As PCA requires a matrix with no 
missing data, for all values that were negative or zero, a random number 
generation process was used to replace the non-detect value with a number 
between 0.01 and the detection limit of that element (Szalinska et al. 2006).
The number of cases limited the numbers of variables that could be used 
in each principal component analysis. Variables suspected to be elevated due to 
anthropogenic inputs and shown by other studies of petroleum coke to be of 
interest were the focus of the principal components. The analyses were 
performed on the correlation matrix of elements, and axes were Varimax rotated.
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The distribution of sample points in PCA space was examined. Samples 
representing extreme outliers were removed from the data set, and the analysis 
was rerun. Elements were said to be associated with a particular PC if its 
loading on that PC was >0.700.
Factor scores generated by each PCA were used to compare control and 
treatment sediment amendments using ANOVAs, to test for significant 
differences. Planned comparisons were performed for base treatments, as well 
as invertebrate species. All analyses were performed using the factor analysis 
and ANOVA modules of Statistica 6.1 (StatSoft Inc., 2003).
Pore Water Data
Pore water collected from the base sediments of cores were used to test 
for differences in metal concentrations between base sediment treatments only 
(CT, MFT or native). Pore water collected from the middle/surface sediments of 
cores were used to evaluate the differences in metal concentrations between 
coke and non-coke treatments only. Mean values for pH, dissolved oxygen, and 
redox potential of pore waters were compared by a 1-way ANOVA for base and 
middle/surface treatments separately (Appendix 4a). To determine the effect of 
position on DO, pH and Eh, 1-way ANOVAs were conducted with position as a 
factor. This matrix was not complete, so the interaction term of core number x 
position is used as the error term (Appendix 4b).
All trace element concentrations in pore water samples were Log-io 
transformed prior to analysis. Principal component analysis was performed from
145
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a correlation matrix generated from 20 elements and 24 cases. Elements 
included in this analysis were Na, Mg, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, 
Rb, Sr, Mo, Cd, Y, Ba, Pb. Elements with concentrations below their respective 
detection limits in one half or more of samples were excluded from analysis (V, 
Cs, La, Bi). The principal component scores for each case generated from this 
PCA were then analysed by 1-way ANOVA, with position (base or middle/surface 
treatments separately) as the factor, to determine the effect of position from the 
core of the water sample, on metal concentrations (Appendix 4c). This matrix 
was not complete, so an interaction term of core number x position is used as the 
error term. Further 1-way ANOVAs were used to determine the effects of base 
sediment type on pore-waters collected from base sediments (Appendix 4d); and 
the effects of middle/surface sediment type on pore-waters collected from 
middle/surface sediments (Appendix 4e). A planned-comparison analysis of 
base materials was used to determine if PC scores for native sediments were 
different from those of tailings sediments, and if the scores for CT were different 
than those of MFT.
Macrophyte Data
All trace element concentrations in macrophyte samples were Logio 
transformed prior to analysis. Principal component analysis was performed from 
a correlation matrix generated from 12 elements and 12 cases. Elements 
included in this analysis were Mg, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Mo, Cd. 2- 
way ANOVAs and planned comparisons were carried out to test for the effects of
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base and middle/surface (Appendix 4g) treatment sediments and their 
interactions on metal concentrations in tissues of Chara collected from 
microcosms in SWSD in 2005.
Macroinvertebrate Data
All trace element concentrations in macroinvertebrate samples were Log-i0 
transformed prior to analysis. Metal concentrations for snails collected from the 
reference wetland, BP, were included in all analyses. Principal component 
analysis was performed from a correlation matrix generated from 22 elements 
and 23 cases. Elements excluded from this analysis were Na, Ca and Ga, due to 
their ubiquity in the environment and in previous analyses.
Factor scores generated from this PCA were first analysed using a 3-way 
factorial ANOVA. The 3 factors were “invertebrate”; Lymnaeid snail, Aeshnidae 
(Order: Odonata), Derotanypus (recently renamed as Psectrotanypus, but the 
more commonly known name of Derotanypus will be used here, Chironomidae: 
Tanypodinae), “base”, and “middle” treatments as factors (Appendix 4h). The 
data point of Derotenypi/s-native-Syncrude coke was missing, but required for 
the ANOVA. At this point in the analysis, the mean of the other samples in the 
data set were substituted for this treatment. Planned comparisons were used to 
quantify assumed differences in base material main effects (native vs. tailings,
CT vs. MFT), and assumed differences attributed to the type of invertebrate 
(grazer vs. predators, mobile predators vs. benthic predators).
147
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Further analysis of the differences in metal concentrations of snails 
collected from BP and SW was done with two separate 1-way ANOVAs, one for 
base materials (MFT, CT, Native, or BP sediment), and one for middle 
treatments (Syncrude Coke, Other, and BP sediment).
Reference Wetland Data
Pore water elemental concentration from the SWSD treatments were 
compared to data obtained from pore water extractions of sediment collected 
from BP and USC. All pore water data were pooled and PCA analysis was 
performed on the Log-io transformed concentrations, with the same elements 
used to extract factors from the original SWSD PCA. The correlation matrix 
consisted of 20 elements and 48 cases. One-way ANOVAs were used to test the 
effects of sediment treatment type (CT, MFT, Native, BP, Syncrude Coke, USC) 
on pore waters collected from top sections of sediment cores. Significant 
differences effects were further explored with planned comparisons (SWSD 
samples vs. control samples, coke sediments vs. non-coke sediments) (Appendix 
3f).
Concentrations of elements in macrophytes of SWSD could not be 
statistically compared to those of BP and USC. Chara was the only species 
present in each of the SWSD microcosm totes with the exception of one 
individual plant of water horsetail (Equisetum fluviatile). These species were not 
present in either BP or USC. However, USC and BP had the sedge Carex spp.
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in common. Trends in elemental concentrations of the above ground and below 
ground tissues were compared graphically, due to lack of replication.
Lymnaeid snails were the only invertebrate group that could be reasonably 
collected from BP to compare to SWSD invertebrates. These control data were 
included in the original invertebrate PCA, due to the limited size of each separate 
data set, so that a maximum number of metals could be analyzed 
simultaneously. (See Appendix 3 for all raw data.)
RESULTS 
Physio-Chemical Attributes of Pore Water
Generally, pore waters were slightly basic, well oxygenated and had low 
redox potentials (Table 4.1). Syncrude coke pore water had significantly higher 
dissolved oxygen concentration than “other” middle treatments (includes native 
sediment, CT, MFT). Pore water pH varied significantly among base treatments. 
The pH of MFT was lowest; CT was highest, slightly higher than was observed 
for the native treatments. This result was confirmed by planned comparisons, 
where pH measurements of native treatments were not significantly different than 
those of tailings (p>0.05), but CT was significantly different than MFT (p<0.05). 
The “position” attributes of oxic pore waters (middle/surface layer) were not 
significantly different from those of anoxic pore waters (basal layer) (Appendix 
4b). The dissolved oxygen concentration of surface waters recorded in SWSD in 
2005 was 13.79 mg/L (±0.08, n=120), BP was recorded at 0.32 mg/L (±0.06, 
n=5), and USC was recorded at 6.23 (±0.06, n=5).
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Table 4.1. Mean (±SE) pH, dissolved oxygen and redox potential of pore waters extracted from each base treatment and 


























Bolded—significantly different measurements by ANOVA.
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Trace Elemental Analysis of Pore Water
Principal component analysis was performed for 20 elements. Four 
factors were extracted from total trace element concentrations at each site by 
PCA, accounting for 76.2% of the variation of the original data (Table 4.2). 
Concentrations of Cu, Cd, and Pb were strongly (>0.70) associated with values 
of the first factor. Mg was strongly negatively associated with PC-1, and Zn was 
moderately (>0.60) associated with this factor. Concentrations of Ga, Ba, Sr, Rb, 
and Na were strongly associated with values for the second factor. Na 
concentrations were markedly higher in other middle treatments than in 
petroleum coke treatment pore waters. Ni, Fe, and Ca were strongly associated 
with values of PC-3, and Mn was moderately associated with this factor. Y 
(strongly) and Cr (negatively, moderately) were associated with values for the 
fourth factor. In base treatments, concentrations of Mn, and Cr were lower in 
tailings sediments compared to native sediments, and concentrations of Ba were 
higher in tailings sediments compared to native sediments (Table 4.3). In middle 
treatments, concentrations of Na were lower in coke treatments than in other 
middle treatments. Concentrations of Mg, Ba, Ca, and Cr were greater in coke 
treatments vs. other middle treatments.
PC-1 was the only factor significantly affected by any treatment conditions 
(Fig. 4.1), where native sediment treatments were higher in concentrations of 
some metals such as Cu, Cd, and Zn than both types of tailings (Table 4.2). 
Observed concentrations of trace metals were compared to guideline levels from 
the Canadian Council of Ministers of the Environment -Canadian Water Quality
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Table 4.2. Identification of the metals from total concentrations in pore water 
loading most heavily on the first four principal components and the cumulative 
proportion of total variance explained by each component. Bolded results were 
strongly correlated (> 0.700) with particular component axis, “*” indicates 
moderate association with a particular component axis (>0.50).
ELEMENT PC-1 PC-2 PC-3 PC-4
Copper 0.96 0.01 -0.06 0.04
Cadmium 0.88 0.09 0.18 -0.05
Lead 0.76 0.13 -0.10 0.25
Magnesium -0.70 -0.06 0.51 0.07
Zinc 0.68* -0.32 -0.23 -0.22
Gallium -0.01 0.97 0.17 0.06
Barium -0.03 0.97 0.18 0.08
Strontium -0.20 0.89 0.34 0.03
Rubidium 0.41 0.75 -0.27 -0.34
Sodium 0.22 0.74 -0.25 0.32
Molybdenum 0.49 0.50* 0.02 -0.45
Nickel 0.22 -0.01 0.82 -0.08
Iron -0.03 0.21 0.79 0.27
Calcium -0.52 0.26 0.76 -0.02
Cobalt 0.46 0.25 0.59* 0.24
Manganese -0.50 0.16 0.68* 0.10
Yttrium 0.34 0.07 0.25 0.78
Chromium 0.25 -0.32 0.10 -0.69*
Cumulative Proportion of Total Variance Explained 0.24 0.47 0.64 0.75
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Table 4.3. Mean (base n=8, middle n=12) total concentrations of trace elements (pg/L-unless otherwise stated) in pore 
waters extracted from sediment cores collected from microcosms in SWSD in 2005. Bolded p values by one-way ANOVA 
indicate significant (p<0.05) effects.
TRACE ELEMENT PC ASSOC.
BASE p value MIDDLE p value
CT ±SE MFT ±SE Native ±SE Coke ±SE Other +SE
Copper 1 2.52 1.37 1.25 0.25 7.49 6.35 2.56 1.12 3.94 2.27
Cadmium 1 0.12 0.05 0.07 0.02 0.16 0.12 0.18 0.11 0.13 0.03
Lead 1 5.36 2.92 0.93 0.27 1.95 0.94 1.32 0.37 18.33 17.25
Mg (mg/L) -1 16.47 4.08 18.22 2.75 17.29 5.46 18.68 1.96 17.77 2.44
Zinc 1* 11.99 4.12 13.77 3.27 17.2 7.93 33.67 10.31 28.42 9.06
Gallium 2 21.62 2.99 21.27 5.46 8.14 0.85 7.22 1.31 11.24 1.58
Barium 2 166.62 23.80 165.96 42.06 59.25 5.77 53.57 9.96 84.60 12.31
Strontium 2 508.83 86.12 530.78 142.91 253.53 33.12 248.04 40.64 286.72 27.49
Rubidium 2 5.27 0.86 4.63 1.46 3.46 2.37 1.38 0.52 2.88 0.95
Na (mg/L) 2 105.9 34.49 117 24.00 84.85 39.44 20.49 3.93 52.14 13.29
Molybdenum 2* 20.19 6.64 17.61 11.35 60.53 55.31 10.97 3.52 14.40 8.14
Nickel 3 3.56 1.14 6.82 3.67 2.73 0.63 8.99 3.09 4.60 1.07
Iron 3 367.83 54.31 546.36 183.98 433.82 64.03 413.05 73.76 366.54 41.93
Ca (mg/L) 3 35.41 8.23 35.88 6.55 35.64 9.82 37.73 7.24 29.40 3.83
Cobalt 3* 0.56 0.32 1.03 0.37 0.66 0.15 0.52 0.11 0.70 0.19
Manganese 3* 157.27 75.63 271.95 66.57 580.62 269.64 359.81 136.34 188.77 39.36
Yttrium 4 0.11 0.07 0.1 0.03 0.11 0.04 0.06 0.01 0.16 0.05


























Figure 4.1. Mean values (±SE) for base treatment effects on PC-1 of pore water 
metal concentrations in SWSD in 2005. Statistical analysis was performed on 
principle component factor scores tested using one-way ANOVA at p<0.05.
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Guidelines (Canadian Council of the Ministers of the Environment (CCME) 2003), 
World Health Organization drinking water quality guidelines (World Health 
Organization 2004), Health Canada drinking water quality guidelines (Health 
Canada 2003), US EPA national recommended water quality criteria (United 
States Environmental Protection Agency 2006), and the US EPA national 
drinking water standards (United States Environmental Protection Agency 2003) 
(Table 4.4). Average metal concentrations from surface sections of sediment 
cores of all types of sediment treatments; Native, MFT, CT, Syncrude Coke, BP 
sediment, and USC sediment were compared to the lowest concentration 
identified from the above sources (Figure 4.2).
Concentrations of As, Cd, and Mn in every sediment treatment exceeded 
the most stringent water quality guidelines identified in Table 4.4. Guidelines for 
Ba, Mo, and Ni were all higher than the concentrations observed inany pore 
water sampled. Measured levels of Cu in CT, Native, and USC sediment 
treatments exceeded guideline levels, but Cu in MFT was lower than the 
guideline. Cu in Syncrude coke treatments was lower than all sediments, with 
the exception of MFT. Levels of Pb in CT treatments were markedly higher than 
guideline levels, whereas Pb in MFT, Native, and Coke were lower than guideline 
levels. Average Zn concentrations were lower in all treatment sediments than 
recommended guidelines, with the exception of CT and USC, which were higher 
than the guideline level (Fig 4.2).
SWSD metal concentrations in pore waters from the middle/surface layers 
were compared to reference data collected from BP and USC. Principal
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Table 4.4. Available drinking water quality/aquatic life protection critical levels 
(pg/L) of trace elements identified by the Canadian Council of Ministers of the 
Environment-Canadian Water Quality Guidelines for the Protection of Aquatic 
Life (CCME-CWQG), the World Health Organization (WHO) Drinking Water 
Quality Guidelines, Health Canada Guidelines for Canadian Water Quality, the 
US Environmental Protection Agency National Recommended Water Quality 
Criteria (EPA WQC), and the US EPA Primary and Secondary Drinking Water 
Standards (EPA DWS).
ELEMENT CCME- CWQG WHO Health Canada EPA WQC EPA DWS
As 5 10 25 150 10
Ba - 700 1000 - 2000
Cd 0.017 3 5 0.25
Cr 1 50 50 11 100
Cu 3 2000 1000 9 1300
Fe 300 - 300 1000 300
Mn 50 400 50 - 50
Mo 73 3000 - - -
Ni 87.5 20 - 52 -
Pb 4 10 10 2.5 15
Zn 30 - 5000 120 5000
Bolded— lowest level identified from sources.
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Figure 4.2. Identified critical guideline levels of individual metal concentrations 
(|jg/L) for the protection of drinking water/aquatic life, compared to observed pore 
water metals concentrations measured in base and middle/surface treatments of 
the microcosm experiment in SWSD.
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component analysis was performed for the same 20 elements as the data 
presented above. Four factors were extracted from total trace element 
concentrations at each site by PCA, accounting for 75.5% of the variation of the 
original data. Concentrations of Cu, Cd, and Pb were strongly (>0.70) associated 
with values of the first factor, just as in the previous data (Table 4.5).
Additionally, Zn and As concentrations were strongly correlated with values of 
PC-1. These elements are not strongly associated in the PCA for the SWSD 
data alone. Concentrations of Mg, Ca, Fe, Mn (strongly) and Mo (moderately) 
were associated with the second factor. Values of PC-2 scores derived from 
surface/middle sediment pore water data differed greatly among treatments 
(p<0.001; Fig 4.3).
Pore water from BP sediments had significantly higher mean PC-2 scores 
than all other treatments, indicating that concentrations of PC-2-associated 
metals Ca, Mn, Fe, and Mg were elevated. The value for BP was significantly 
different than that for native sediment treatments in SWSD, (planned 
comparison, p<0.001; Fig 4.3). This is contrary to expectations that they would 
be similar. Concentrations of Ba, Ga, and Sr were strongly associated with 
values of PC-3, and Rb was moderately associated with this factor. Na was 
moderately associated with values for the fourth factor. The PC values for 
Syncrude Coke and DSC pore waters were significantly lower than the values for 
pore waters from the other middle samples, implying that the former treatments 
had significantly lower concentrations of Na (planned comparison, p<0.001 Fig. 
4.4).
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Table 4.5. Mean total concentrations of trace metals (|jg/L) in pore waters extracted from middle sediments of cores 
collected from microcosms and control wetlands in Sep. 2005. (CT n=4, MFT n=4, Native n=4, BP n=10, Coke n=12, 
USC n=8). Bolded p values are those PCs which are significantly (p<0.05) affected by middle treatments.
TRACE ELEMENT PC ASSOC. Native ±SE CT +SE
Copper 1 2.44 0.03 8.12 7.11
Cadmium 1 0.14 0.04 0.17 0.09
Zinc 1 29.21 13.52 46.64 18.85
Lead 1 1.57 0.14 54.44 53.51
Arsenic 1 11.94 3.41 31.11 23.31
Calcium (mg/L) 2 35.50 12.32 25.13 1.98
Manganese 2 211.29 124.20 151.54 54.52
Iron 2 351.41 100.75 397.81 59.89
Magnesium (mg/L) 2 21.20 7.82 14.91 1.22
Molybdenum -2* 32.24 22.62 6.32 0.57
Barium 3 97.98 8.55 76.53 32.55
Gallium 3 13.06 1.36 10.07 3.94
Strontium 3 331.37 12.48 265.21 68.23
Rubidium 3* 3.73 2.58 2.99 1.69
Yttrium 4 0.08 0.06 0.30 0.07





MFT ±SE Coke ±SE BP ±SE USC ±SE p-value
1.26 0.41 2.56 1.12 2.22 0.50 22.57 11.72
0.08 0.01 0.18 0.11 0.08 0.02 0.54 0.25
9.40 0.51 33.67 10.31 15.61 3.75 148.87 93.61
0.68 0.42 1.33 0.39 1.75 1.21 8.33 4.84
7.12 0.42 13.41 4.68 7.13 1.63 86.61 58.66
26.31 0.82 37.02 7.28 113.43 49.03 35.68 5.47
203.48 52.23 359.81 136.34 1613.65 761.67 209.30 89.54
350.40 105.71 413.05 73.76 2042.27 1081.57 618.15 233.94
17.21 2.55 18.68 1.96 46.31 14.98 7.71 0.52
4.63 1.42 10.97 3.52 2.18 0.67 9.39 2.32
79.30 29.46 53.57 9.96 91.16 39.97 100.60 36.98
10.59 3.85 7.22 1.31 11.60 4.83 13.80 4.99
265.11 59.31 249.91 41.14 612.45 249.75 335.55 56.05
1.93 1.51 1.38 0.52 6.31 4.23 21.33 16.18
0.10 0.06 0.06 0.01 0.16 0.07 0.08 0.04






CT MFT Native BP Syncrude Coke USC
Middle Treatm ent
Figure 4.3. Mean values (±SE) for middle/surface treatment effects on PC-2- 
associated pore water metal concentrations in SWSD microcosm treatments, BP 
and USC sediments. Statistical analysis was performed on principle component 
factor scores tested using a one way ANOVA. Differences were statistically 
significant (F[5i35]=7.10, p<0.001).
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CT MFT Native BP Syncrude Coke USC
Middle Treatm ent
Figure 4.4. Mean values (+SE) for middle/surface treatment effects on PC-4- 
associated metal in pore water of SWSD microcosm treatments, BP and USC 
sediments. Statistical analysis was performed on principle component factor 
scores tested using a one way ANOVA. Differences were statistically significant 
at p<0.05.
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Trace Elemental Analysis of Macrophytes
Principal component analysis was performed on 12 elements measured in 
Chara vulgaris tissues in the microcosm experiment. Only 12 elements could be 
included in this analysis due to the limitation in PCA by the number of cases 
(n=12). Four factors were extracted from total trace element concentrations at 
each microcosm by PCA, accounting for 89% of the variation of the original data 
(Table 4.6). Concentrations of Mo, Sr and Zn were strongly (>0.70) associated 
with values of the first factor. Vanadium was weakly (>0.60) associated with this 
factor. Concentrations of Cu and Cd were strongly, but complementarily 
associated with values for the second factor. Mn, Mg, and Fe were strongly 
associated with values of PC-3, whereas Co loaded weakly on this factor. 
Chromium and Ni were associated with values for the fourth factor (Table 4.6).
Neither the base nor middle treatments, nor their interactions influenced 
any of the mean principal component scores (Table 4.7). Planned comparisons 
of base materials (native vs. soft tailings; MFT vs. CT) showed that none of these 
base materials significantly affected metal concentrations in Chara. Metals found 
to be in the highest concentrations in Chara were strontium, manganese, iron 
and specifically magnesium (Table 4.7).
SWSD metal concentrations in Chara were compared to metal 
concentrations in macrophytes collected from BP and USC. A new PCA was 
performed for all 24 elements that were measured in this experiment. This was 
done to better explain the variation possible from including different species of 
macrophytes from wetlands differing in background inputs of mine process waste
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Table 4.6. Identification of the metals from total concentrations in macrophytic 
algae, Chara vulgaris, harvested from microcosms in SWSD, loading most heavily 
on the first four principal components and the cumulative proportion of the total 
variance explained by each component.
ELEMENT PC-1 PC-2 PC-3 PC-4
Molybdenum 0.94 0.23 0.05 0.13
Strontium 0.84 -0.36 0.32 -0.13
Zinc 0.83 0.27 0.16 0.30
Copper 0.07 0.90 0.00 0.12
Cadmium -0.15 -0.89 -0.22 0.21
Manganese -0.17 0.24 0.85 -0.19
Magnesium 0.36 -0.23 0.83 0.15
Iron 0.41 0.19 0.82 0.27
Chromium 0.00 -0.08 0.07 0.94
Nickel 0.54 0.01 0.23 0.75
Cumulative Proportion of Total Variance Explained 0.29 0.47 0.72 0.89
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Table 4.7. Mean (base n=4, middle n=6) total concentrations of trace elements (mg/L) in macrophytic algae, Chara vulgaris, 
tissues collected from microcosms in SWSD. Bolded p values from two-way factorial ANOVA indicate significant (p<0.05) 
effects, and interactions (base x middle).
ELEMENT PC ASSOC. BASE p value MIDDLE p value p value
NATIVE ±SE MFT ±SE CT +SE COKE ±SE OTHER ±SE (BxM)
Molybdenum 1 0.090 0.031 0.063 0.015 0.052 0.009 0,081 0.022 0.055 0.007
Strontium 1 403.516 67.407 318.716 30.171 341.444 23.320 389.930 45.314 319.187 18.950
Zinc 1 2.289 0.366 1.914 0.190 1.881 0.193 2.185 0.256 1.871 0.147
Vanadium 1* 2.650 0.943 2.328 0.693 2.911 0.482 3.107 0.602 2.152 0.458
Copper 2 1.717 0.461 2.116 0.900 1.437 0.208 2.089 0.585 1.425 0.267
Cadmium 2 0.026 0.009 0.073 0.050 0.047 0.027 0.043 0.018 0.055 0.034
Manganese 3 192.217 6.814 171.755 17.345 238.693 37.140 193.224 12.258 208.554 28.821
Magnesium 3 2796.979 394.816 2616.518 143.589 3280.144 316.064 3086.155 224.897 2709.606 277.842
Iron 3 843.506 113.361 790.868 105.770 1067.559 129.137 901,313 57.448 899.975 136.902
Cobalt 3* 0.270 0.053 0.233 0.047 0.349 0.031 0.275 0.029 0.293 0.049
Chromium 4 1.120 0.196 1.807 0.615 1.240 0.207 1.060 0.113 1.718 0.404
Nickel 4 1.535 0.426 1.621 0.408 1.352 0.086 1.519 1.060 1.486 1.718
PC-1 0.2344 0.0822 0.1532
PC-2 0.9690 0.9125 0.4984
PC-3 0.1107 0.8967 0.9491
PC-4 0.4349 0.3286 0.2256
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materials. Three factors were extracted from total trace elemental concentrations 
at each site by PCA, accounting for 75% of the variation of the original data set. 
Concentrations of Co, Cr, Cs, Fe, La, Ni, Pb, V, Y were strongly (>0.70) 
associated with values of the first factor. Additionally, K was weakly negatively 
correlated with PC-1. Concentrations of Mn, Mg, Ca, Ba, Sr, and Ga were 
associated with the second factor. As (positively) and Mo (negatively) were 
strongly associated with values of PC-3, and Bi was moderately, negatively 
associated with this factor. These are completely different factors of co-varying 
metals than found with the microcosm data alone.
Figure 4.5 shows how the mean PC scores of different species of 
macrophytes varied among reference wetlands. Chara, the only completely 
submergent species, is not a vascular plant, and lacks roots. All other species 
represented in these graphs are rooted, emergent, vascular plant species. Metal 
concentrations associated with PC-1 measured in leaf tissues of Chara appeared 
higher than any other plant. Among the emergent macrophytes measured, there 
appeared to be a trend of higher concentrations of PC-1 metals in roots tissues 
than leaf tissues, across all wetlands (Fig 4.5a). Mean PC-2 scores (with which 
many of the most soluble elements correlated) appeared to be much higher in the 
leaf tissues of macrophytes from all wetlands than in root tissues, with Chara of 
SWSD having the highest measured concentrations of PC-2 elements (Fig. 4.5b). 
Concentrations of PC-3 elements appeared to be lower in plants collected from 
USC than BP and SWSD (Fig. 4.5c). Of the Carex specimens analysed,
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Figure 4.5. PC scores (mean ±SE given where available) for PC-associated metals in 
tissues of roots and leaves of plant species collected from SWSD microcosm 
experiments, BP and USC.
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those located in the most disturbed wetland, USC, had a lower concentration of 
Mo and As, than those found in BP, the most unconstructed wetland sampled.
Trace Elemental Analysis of Macroinvertebrates
Twenty-one elements measured were used in a principal component 
analysis of all invertebrate tissues collected from all wetlands sampled. Three 
types of invertebrates were collected; snails (Gastropoda: Lymnaeidae), 
dragonflies (Odonata: Aeshnidae) and Derotanypus chironomids (Chironomidae: 
Tanypodinae). Snails, dragonflies and chironomids were collected from SWSD 
microcosms. Only snails were collected from BP in quantities sufficient for ICP- 
MS analysis. Four factors were extracted from the PCA, accounting for 91% of 
the variation of the original data (Table 4.8). Concentrations of Cu, Cd, Cr, Pb,
K, Zn, Y and Mo were strongly (>0.70) associated with values of the first factor. 
Concentrations of Mn, As, Ba, V, Sr, and Fe were strongly associated with values 
for the second factor. Cs and Ni were strongly associated with values of PC-3.
La and Co were associated with values for the fourth factor (Table 4.8).
In order to gain sufficient sample biomass, replicate samples of 
invertebrates collected from SWSD microcosms were combined. This removed 
proper replication necessary for doing statistical analysis of the effects of 
microcosm treatments on each separate invertebrate group. Thus, tissue 
concentrations from all invertebrates were combined into one group termed 
“invertebrates”, and a two-way factorial ANOVA was used to test the effects of
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Table 4.8. Identification of the metals from total concentrations in invertebrate 
tissues collected from SWSD and BP (control), loading most heavily on the first 
four principal components and the cumulative proportion of the total variance 
explained by each component.
ELEMENT PC-1 PC-2 PC-3 PC-4
Copper 0.96 0.13 -0.05 0.10
Cadmium 0.96 0.02 -0,09 0.08
Chromium 0.94 0.25 -0.06 0.12
Lead 0.93 0.21 0.11 0.21
Potassium 0.92 0.14 -0.25 0.05
Zinc 0.91 0.24 -0.15 0.08
Yttrium 0.74 0.37 0.22 0.48
Molybdenum 0.73 0.58 0.09 0.12
Manganese 0.03 0.83 -0.16 0.33
Arsenic -0.05 0.82 -0.38 -0.15
Barium 0.55 0.75 0.03 0.33
Vanadium 0.55 0.73 -0.01 0.20
Strontium 0.36 0.73 0.21 0.48
Iron 0.57 0.72 -0.10 0.28
Cesium -0.04 -0.21 0.89 0.33
Nickel -0.19 -0.04 0.80 -0.54
Lanthanide 0.15 0.22 0.13 0.94
Cobalt 0.15 0.30 -0.10 0.88
Cumulative Proportion of Total Variance Explained 0.40 0.63 0.75 0.91
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different base treatments and middle treatments on each of the 4 PCs (Appendix 
4h). Since it was assumed that each of the invertebrate groups will accumulate 
metals differently based on trophic position and feeding strategies (snail: grazer, 
Derotanypus: small benthic predator, dragonfly: large mobile predator), we 
included “invertebrate” as a covariate for each ANOVA. Mean scores of PC-1 
and PC-2 varied significantly among invertebrate types, but there was no effect 
of either base or middle sediment treatments. A planned comparison among 
different types of invertebrates showed that dragonflies (mobile predator of 
pelagic prey) had significantly (p<0.01 lower levels of PC-1-associated metals 
than benthic animals, and that Derotanypus (predator of benthic prey) had highly 
significantly (p<0.001) higher PC-1 metals that snails (epiphytic grazer) (Fig 
4.6a). Planned comparisons among invertebrates show that, again, dragonflies 
had significantly (p<0.001) lower levels of PC-2-associated elements than other 
invertebrate groups measured in this experiment. Derotanypus (predator of 
benthic prey) had significantly (p<0.0001) lower PC-2 metals that snails 
(epiphytic grazer). Mean scores of PC-3 and PC-4 factors did not vary 
significantly among any treatments (ANOVA, p>0.05; Table 4.9).
The PC scores of co-varying metal concentrations in snails from SWSD 
and the control wetland, BP, were compared with one-way ANOVAs, followed by 
planned comparisons to detect significant differences due to different base 
materials (Native, CT, MFT, BP sediment), (Appendix 4i), and different 
middle/surface materials (Syncrude coke, Other, BP sediment), (Appendix 4j), 
independently. All BP snails had significantly lower metal concentrations on both
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Current effect: R2,10}=32.720, p = 00004 







Current effect: F(2,10)=12.751. p=.00177 






Figure 4.6. Mean values (±SE) for PC-1 (a) and PC-2 (b) scores associated with 
type of invertebrate tissue metal concentrations in SWSD microcosms.
Statistical analysis was performed on principle component factor scores tested 
using two-way factorial ANOVA. Differences were significant at p<0.05.
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Table 4.9. Mean total (CT n=4, MFT n=4, Native n=4, Coke n=6, Other n=6) concentrations of trace metals (mg/L) in 
invertebrate tissues collected from SWSD microcosms in 2005. p-values for each PC are presented for effects of base, 
middle treatment, and their interactions. Bolded p values from two-way factorial ANOVA indicate significant (p<0.05) 
effects, and interactions (base x middle).
TRACE
ELEMENT PC ASSOC. BASE p value MIDDLE p value p value
NATIVE ±SE MFT ±SE CT ±SE COKE ±SE OTHER ±SE (BxM)
Copper 1 61.080 56.502 44.393 26.548 94.325 53.371 50.521 31.709 82.678 42.993
Cadmium 1 6.998 6.928 56.792 47.034 16.794 10.943 39.116 31.895 14.608 7.268
Chromium 1 43.960 42.968 18.692 11.246 92.944 56.698 35.925 29.985 67.806 37.899
Lead 1 8.667 8.367 15.544 11.155 10.218 5.973 10.958 7.770 11.994 6.133
Potassium 1 15733.00 14873.0 8519.89 5358.78 20043.94 11976.23 9980.03 6386.33 19551.190 11092.200
Zinc 1 150.547 135.560 94.178 59.787 119.829 67.493 94.183 53.625 148.853 90.081
Yttrium 1 1.097 0.864 3.347 2.295 1.860 1.285 1.882 1.570 2.320 0.966
Molybdenum 1 0.691 0.455 1.391 0.990 2.411 1.162 1.635 0.931 1.361 0.557
Manganese 2 509.527 430.580 135.655 54.967 200.656 82.785 124.817 38.711 439.075 283.449
Arsenic 2 10.021 9.735 0.329 0.159 24.223 17.115 4.785 4.456 18.264 12.426
Barium 2 47.482 37.607 24.732 10.634 51.512 30.306 21.707 8.223 60.777 29.847
Vanadium 2 215.279 210.845 113.376 70.449 444.412 274.975 194.984 151.650 320.394 181.400
Strontium 2 35.215 16.225 39.983 15.414 40.335 15.965 31.053 11.313 45.969 13.204
Iron 2 2708.83 2312.86 1001.98 337.515 5751.310 4303.880 1059.37 509.532 5248.690 3098.790
Cesium 3 0.029 0.010 0.163 0.113 0.069 0.033 0.110 0.077 0.064 0.025
Nickel 3 2.298 0.989 7.203 5.829 23.625 16.971 17.941 11.824 4.143 1.913
Lanthanide 4 1.729 1.306 1.372 0.532 2.824 1.996 0.790 0.375 3.160 1.446
Cobalt 4 16.252 15.969 0.987 0.558 1.549 1.186 0.654 0.391 11.872 10.556
PC-1 0.898 0.771 0.716
PC-2 0.194 0.565 0.260
PC-3 0.646 0.319 0.759


















Table 4.10. Mean total (CT n=2, MFT n=2, Native n=2, BP Sed=5) concentrations of trace metals (mg/L) in Lymnaeid 
snail tissues collected from SWSD microcosms and BP controls in 2005. p-values from one-way ANOVA for each PC are 
presented for effects of Base Treatments. Bolded values are those significantly affected by base treatments.
TRACE ELEMENT PCASSOC BASE
NATIVE ±SE MFT +SE CT ±SE BP Sed +SE p value
Copper 1. 3.419 0.124 6.341 2.194 5.452 2.023 1.087 0.085
Cadmium 0.037 0.005 0.048 0.001 0.055 0.027 0.043 0.006
Chromium 1 1.254 0.440 2.181 0.245 2.646 1.524 0.320 0.083
Lead 1 0.475 0.026 0.600 0.078 0.701 0.365 0.039 0.010
Potassium 1 321.917 143.379 602.391 61.433 831.213 390.330 671.148 28.995
Zinc 1 11.740 1.915 13.649 3.977 16.059 4.856 8.612 0.664
Yttrium 1 0.440 0.168 0.796 0.121 0.877 0.527 0.065 0.018
Molybdenum 1 0.535 0.304 0.234 0.010 1.105 0.206 0.211 0.041
Manganese 2 144.874 20.828 230.571 92.634 250.190 43.387 422.278 143.048
Arsenic 2 0.554 0.148 0.790 0.194 0.766 0.071 0.592 0.069
Barium 2 22.381 5.749 22.516 3.477 26.884 5.274 6.902 1.321
Vanadium 2 10.312 6.221 4.853 0.557 20.094 2.115 0.388 0.110
Strontium 2 47.833 15.134 48.382 5.777 59.568 9.611 8.167 1.442
Iron 2 763.477 243.651 1055.738 56.939 1160.836 524.551 208.383 51.062
Cesium 3 0.058 0.016 0.109 0.021 0.121 0.085 0.005 0.002
Nickel 3 4.377 2.415 2.287 0.119 8.261 1.127 0.713 0.155
Lanthanide 4 0.813 0.280 1.620 0.249 1.785 1.087 0.161 0.046






















Table 4.11. Mean total (CT n=2, MFT n=2, Native n=2, BP Sed=5) concentrations of trace metals (mg/L) in Lymnaeid 
snail tissues collected from SWSD microcosms and BP controls in 2005. p-values from one-way ANOVA for each PC are 
presented for effects of Middle treatments. Bolded values are those significantly affected by middle treatments.
TRACE ELEMENT PC ASSO C M IDDLE
Syn Coke ±SE O ther ±SE BP Sed ±SE p value
Copper 1 5.087 1.725 5.055 1.222 1.087 0.085
Cadmium 1 0.036 0.006 0.057 0.012 0.043 0.006
Chromium 1 1.291 0.334 2.764 0.734 0.320 0.083
Lead 1 0.435 0.054 0.749 0.167 0.039 0.010
Potassium 1 386.793 108.061 783.554 226.369 671.148 28.995
Zinc 1 12.885 2.404 14.747 3.291 8.612 0.664
Yttrium 1 0.433 0.124 0.977 0.232 0.065 0.018
Molybdenum 1 0.458 0.220 0.791 0.315 0.211 0.041
Manganese 2 218.018 57.765 199.072 47.928 422.278 143.048
Arsenic 2 0.695 0.167 0.711 0.070 0.592 0.069
Barium 2 21.412 2.704 26.442 3.880 6.902 1.321
Vanadium 2 8.788 4.595 14.717 4.934 0.388 0.110
Strontium 2 45.605 6.566 58.251 8.026 8.167 1.442
Iron 2 756.263 181.351 1230.439 227.487 208.383 51.062
Cesium 3 0.055 0.016 0.136 0.038 0.005 0.002
Nickel 3 3.755 1.691 6.195 2.038 0.713 0.155
Lanthanide 4 0.867 0.256 1.945 0.515 0.161 0.046






base (Table 4.10) and middle (Table 4.11) treatment types for PC-1, PC-3, and 
PC-4 (Fig. 4.7) than all other sediment treatments, detected by planned 




Risk assessments of the effects of contaminants on ecosystems have 
been found to be highly site-specific, varying greatly depending on the habitat 
and the species of biota present (Pascoe et al. 1993, Chapman et al. 1998), 
Janssen et al. 2003). Bioavailability of metals in sediment can be affected by 
binding to organic matter, pH, redox conditions, complexing agents, 
cations/anions, sequestration in plants (Hund-Rinke and Kordel 2003). 
Extrapolating and comparing results from other studies would be difficult due to a 
number of processes (chemical, physicial, biological, geological) that make any 
risk assessment site-specific (Pascoe et al. 1993). Therefore comparisons in this 
study were limited to water quality guidelines produced by the EPA, CCME, 
Health Canada, and the WHO, and to BP, the unconstructed wetland.
Water quality guidelines were used to compare pore water concentrations of 
metals, although the goal of this chapter is to assess the toxicity of contaminated 
sediments. Sediment quality guidelines consider the total concentration of 
metals (dry mass of metals/ kg of sediment). As discussed earlier, bioavailability 
strongly depends on chemical speciation of that metal (Peijnenburg et al. 1997).
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Fig 4.7. Mean values (±SE) for PC scores associated with snail tissue metal 
concentrations in SWSD microcosm base (a-c-e) and middle (b-d-f) treatments 
and BP controls. Statistical analysis was performed on principle component 
factor scores tested using a one way ANOVA at p<0.05.
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There is significant evidence that the concentration of a chemical in the pore 
water of sediment can be used to predict the bioavailability of that chemical to 
aquatic organisms (Giesy et al. 1990, Ditoro et al. 1991, Kemble et al. 1994, 
Leonard et al. 1996, Hassan et al. 1996, Hund-Rinke and Kordel 2003).
However, this renders comparison to standard sediment or water quality 
guidelines speculative. In this study the experimental pore water concentrations 
have been compared to water quality guidelines. Although pore water often has 
higher concentrations of metals than overlying water (Bufflap and Allen 1995), 
many benthic organisms are still exposed to this pore water. Pore water has the 
potential for leaching from the substrate to overlying waters and to groundwater 
(Bufflap and Allen 1995). A similar approach was used to compare pore water 
leachates of petroleum coke by our collaborators (Squires 2005, Puttaswamy 
and Liber 2006). Pore waters are often extracted and used for laboratory 
exposure toxicity tests (Giesy et al. 1990, Madill et al. 2001) in order to determine 
the toxicity of contaminated sediment.
Generally, wetland sediments of the microcosm experiment and the 
control wetlands, BP and USC showed high levels of major ions, such as Na 
(mean 79.1 mg/L) as is typical of sodic soils of the Prairie Pothole region (Vitt et 
al. 1996, Oil Sands Wetlands Working Group 2000). They also showed relatively 
high levels of Mg (20.4 mg/L), K (74.4 mg/L), and Ca (45.9 mg/L). Leung et al. 
(2003) of found that a local reference reservoir, Mildred Lake, had lower levels of 
ions than we found in our study (Na 21.8 mg/L, Mg 8.4 mg/L, K 1.6 mg/L, Ca 
34.7 mg/L).
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PC-1 elements (Cu, Cd, Zn) were the only element found to be 
significantly different between base sediment treatment pore water 
concentrations, where these were found to be higher in native sediments than in 
tailings sediments. The concentrations of As, Cd, and Mn in pore waters of 
SWSD treatments exceeded WQG. It’s possible that elevated levels of many of 
these ions are common and natural to wetland sediments in this area. The 
concentrations of other elements (Ba, Mo, Ni, Zn) were generally much lower 
than WQG. Pore water from BP sediments had significantly higher mean 
concentrations of Ca, Mn, Fe, and Mg, than native sediments of SWSD. USC 
and Syncrude coke treatments were significantly lower in Na than all other 
treatments (native, CT, MFT, BP sediment).
None of the base (CT, MFT, native) materials significantly altered metal 
concentrations in Chara in SWSD. Metals generally found to be in the highest 
concentrations in Chara were strontium, manganese, iron and especially 
magnesium. Plants collected from BP and USC showed the following general 
trends: PC-1 metals lower in leaves than roots, PC-2 metals higher in leaves 
than roots, PC-3 metals lower in plants of USC than SWSD and BP.
Invertebrate tissues showed no significant differences in metal 
concentrations among sediment amendments in SWSD. However, for PC-1, and 
PC-2 metals, Aeshnidae dragonflies had lower tissue metal concentrations than 
the other benthic invertebrates, and Derotanypus (predator) had higher tissue 
metals than herbivorous snails. Snails from SWSD had higher tissue metal 
concentrations associated with PCs 1, 3, and 4, than did snails in BP.
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Physio-Chemical Attributes of Pore Water
The pH of water can alter the speciation (bioavailability) of metals, where 
increased acidity can increase the availability of free metal ions (Campbell and 
Stokes 1985). All pore waters extracted were somewhat alkaline. Thus, the 
solubility of metals in these sediments is relatively low. Coke pore water 
contained significantly more dissolved oxygen (~90% saturation) than was found 
in other middle treatments (-25% saturation). This could be due to the limitation 
of methanogenic microbial activity by petroleum coke as reported by Fedorak 
and Coy (2006). The presence of dissolved oxygen in sediments can reduce 
free metal ions, by complexing with the ions (Rose and Long 1988). These high 
readings of dissolved oxygen in sediments are contrary to what would be 
expected of typical wetland sediments (Wetzel 1983). Wetland sediments are 
typically anoxic below the most surficial layer, and this likely indicates some 
instrument malfunction.
Trace Elemental Analysis of Pore Water
Water chemistry data confirmed that the pore-waters of human-made 
wetlands located on the Syncrude lease contain concentrations of many trace 
metals, in exceedance of surface water quality guideline critical concentrations, 
such as As, Cd, Cr, Cu, Mn, and Mo. Fe, and Zn are not typically a health 
concern at levels normally found in drinking water (WHO 2007). The 
concentrations of Fe and Zn measured in waste sediments were only slightly 
above guideline levels given (300 p/L and 30 pg/L, respectively).
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The concentrations of As in pore waters from our microcosm experiment 
were 9-46 pg/L, far in excess of the guideline of 5 pg/L. When middle sediment 
layer treatments were broken down into individual types and compared to 
controls, arsenic levels were highest in Syncrude Coke (31 ± 20 pg/L) and USC 
(positive reference wetland) samples (46± 3 pg/L), and lowest in BP, the negative 
reference wetland (0.6 ±0.1 pg/L). This suggests that the coke itself may be 
contributing to the elevated As levels. Squires (2005) found that As pore water 
concentrations in laboratory weathering (2  freeze-thaw cycles) experiments of 
Syncrude coke pore water were 0.7 pg/L ± 0.1. This concentration is much 
smaller than the difference in As concentrations between BP sediments and coke 
As concentrations. However, differences in extraction techniques and leaching 
protocols between Squires' lab study and these field measurements make direct 
comparisons difficult. Natural wetlands may have significantly different effects on 
the weathering of coke than can be detected in the laboratory study.
PC-1 was the only factor significantly affected by any treatment conditions 
(Fig. 4.1), where native sediment treatments were higher in concentrations of 
some metals such as Cd, Cu, and Zn than both types of tailings (Table 4.3) 
where both Cd and Cu far exceeded drinking water quality guidelines (CCME 
2005) (Fig. 4.2). Squires (2005) found Cd concentrations of below detection limit 
(BLD) - 0.1 pg/L, Cu concentrations of 0.5 - 3.9pg/L, and Zn concentrations of 2.6 
- 1 1.9pg/L in her control leaching experiments with Syncrude coke. This is 
smaller than the difference between highest (native treatments) and lowest 
(tailings treatments) concentrations detected in the microcosm project. Copper
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concentrations in CT and Native middle/surface treatments were 4.5 and 4.7 jjg/L 
(Table 4.3), respectively, and although they exceeded drinking water quality 
guidelines, they do not exceed levels reported to affect many aquatic species 
(Gensemer et al. 2002, Farag et al. 2003, Dekker et al. 2006).
Pore waters of middle/surface CT sediments were higher in Pb at 54.44 + 
53.51 pg/L, and the remaining treatments were much lower (Table 4.5). This 
surface concentration of Pb indicates that CT itself may be a concern in an 
aquatic landscape. Squires (2005) found concentrations of Pb leaching from 
coke, much lower than levels found in Syncrude coke treatments of our 
experiment (0.1 ± 0.0 pg/L vs. 1.2 ± 0.2 pg/L).
Manganese is one of the most abundant elements in the Earth’s crust 
(WHO 2007). Mn is often naturally abundant in ground and surface waters with 
low oxygen conditions. Schubauer-Berigan et al. (1993) demonstrated LC50S for 
the following organisms, Ceriodaphnia dubia (350 pg/L-48h), Hyalella azteca 
(<25 pg/L-96h), Pimephales promelas (60 pg/L-96h), at pH 7-7.5, in laboratory 
toxicity tests.
Observed Mn concentrations in all treatment sediments were at least 
double (133.4 - 425.7 pg/L) the guideline levels of 50 pg/L, and exceeded the 
guidelines by an order of magnitude (510.3 pg/L) in the case of Native sediments 
(Fig. 4.2). The range of pore water concentrations of middle treatments 
compared to controls, Mn concentrations are highest at 1.36 mg/L in BP 
sediment pore waters (Table 4.5). The BP wetland was the only one with both 
minimal dissolved oxygen content and access to ground water inputs. Mn was
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strongly associated with PC-2 in the control PCA, which significantly (p<0.001) 
explained the variation in the pore water data. Since BP has much higher 
concentrations of Ca, Mn, Fe, and Mg than any other middle/surface treatments 
and all of these elements are strongly associated with PC-2; this component 
likely describes the difference between the pore waters of a true natural wetland, 
and SWSD, USC, which are both constructed (Fig. 4.3). Highly reduced, organic 
natural wetland sediments commonly have high concentrations of Mn, Fe, Ca 
(Roden and Wetzel 1996, Donahoe and Liu 1998). Squires (2005) found Mn 
concentrations of 0.8 -  6.9pg/L in pore waters of laboratory leached Syncrude 
coke. This is significantly lower than Mn pore water concentrations of Syncrude 
coke observed in our experiment, indicating that laboratory experiments may not 
be indicative of the behaviour of this waste product in wetlands of Fort McMurray.
In the control data, PC-4 was also highly significant (p<=0.001) (Fig 4.4). 
Na, which was moderately associated with PC-4, was much lower in both the 
Syncrude coke and USC treatments, than any other middle/surface treatments 
(Table 4.5). Na is one of the main components of the salinity of mine process 
water, released from the naturally sodic sediment of the area (Renault et al. 
1999). In contrast, coke is produced from bitumen, and Na was not found to be 
common in coke leachates by Squires (2005). The low levels of Na in the coke 
layer imply that there is little diffusion of pore water from the base layer into this 
the middle layer in the microcosms.
Interestingly, the highest mean concentrations of As, Ba, Cr, Mn, and Mo 
were found in Native sediment treatments (Fig 4.2). In all cases of trace
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elements with available specific guidelines, average concentrations of these 
metals in Syncrude coke treatments were never higher than those levels found in 
Native control sediment treatments (Fig 4.2). Only in the cases of Mg and Ca 
(where no guideline levels were available) were the concentrations higher in 
Syncrude coke than Native treatments (Table 4.5).
Trace Elemental Analysis of Macrophytes
Sediment treatments did not influence the concentrations of trace 
elements in Chara samples taken from SWSD microcosms. As a non-vascular, 
macrophytic alga, Chara lacks water transport systems as well as true leaves, 
stems and roots (Forsberg 1965). Consequently the Chara collected from SWSD 
had very little association with the sediment, beyond basic anchoring, unicellular 
rhizoids. It is normally assumed that non-vascular aquatic plants must absorb 
elements from the surrounding water. Flowever, Vouk (1929) demonstrated that 
Chara vulgaris is capable of uptake of nutrients by the rhizoids and transferring 
this material to other parts of the plant. Trace metals are much less soluble than 
nutrients and are thus less prone to transport from subsurface sediments.
Chara is often more tolerant of nutrient limitation and the presence of 
toxins than vascular plants, as it is capable of releasing oxygen to the 
rhizosphere sediments (Flessa 1994). This oxygenation would complex with 
otherwise reduced toxins present in the sediment. Chara is very sensitive to low 
dose, long term exposures to heavy metals in laboratory studies (Fleumann 
1987). Flowever, these studies failed to consider the presence of oxygen,
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dissolved carbon and other sinks for these metals in natural waters. The pore 
waters of sediments in cores from SWSD microcosms were found to be relatively 
homogeneous in trace metal concentrations in our experiments. Apparently, 
although these metals may occur in higher than surface water quality guideline 
levels, they did not exert any significant impact on the tissue metal 
concentrations of these macrophytes. It was not possible to collect Chara from 
BP, if it was present in this wetland. Chara did not grow in USC in 2005.
Reference wetland PC-1-associated metal concentrations were higher in 
the roots of all plant tissues than in the leaves. Most of the metals associated 
with this factor (Cr, Cs, Ni, Pb, V, Y) have been shown, in other studies, to 
accumulate primarily in the roots of wetland plants (Qian et al. 1999). This group 
of metals is also much more likely to be sediment bound than metals associated 
with other factors. PC-1 is likely representative of sediment associated metals 
that tend to accumulate in root tissues.
Metals associated with PC-2, such as Mn, Mg, and Ca, were found in 
much higher concentrations in the leaf tissues of all plants, than in root tissues. 
These metals are more likely to be found dissolved in water, and are more 
common and ubiquitous in distribution in natural waters (Hutchinson 1957). Most 
of these metals are alkaline earth metals, and essential to cell processes in these 
plants. Ba, Sr and Ga were also associated with PC-2, and all of these were 
present in elevated levels due to the mining activities. Sr was common in Chara 
tissues in this experiment (Table 4.7). Sr acts as a Ca analogue, and is quickly 
transported from contaminated soils to leaf tissues, where it is absorbed and
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stable (Ban-Nai and Muramatsu 2002). The content of Sr present in plants 
depends greatly on the plant’s tendency to also take up Ca (Hutchinson 1975). 
PC-2 likely represents those metals that most prone to accumulation in leaf 
tissues, whether they were from natural or anthropogenic sources.
Mo and As were strongly correlated with PC-3. It is unclear why these 
elements may behave differently than the other metals that loaded onto the first 
two factors. Arsenic accumulates in root tissues of some aquatic macrophytes 
(Sebesvari et al. 2005). Our results also show that arsenic tended to accumulate 
in higher concentrations root tissues of all species measured. Rooted 
macrophytes such as Ceratophyllum demersum can concentrate arsenic up to 
1,100 times the concentration of arsenic present in water, whereas Scirpus sp. 
and Typha orientalis do not appear to accumulate much arsenic from sediments 
(Hutchinson 1975). Molybdenum plays an essential role in nitrogen fixation, and 
is required by all plants (Hutchinson 1975). Excesses of Mo found in aquatic 
plants usually tend to be associated with high concentrations of Fe in oxidized 
lake sediments. Mo appeared to have higher concentrations in the leaves of T. 
latifolia and G. borealis than in the roots, higher concentrations in the roots of T. 
maritima than the leaves, and similar concentrations in both tissues of all the 
Carex species. All As and Mo concentrations in macrophytic tissues measured 
were below averages given by Hutchinson (1975).
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Trace Elemental Analysis of Macroinvertebrates
Although there were statistically significant differences in mean values of 
some PC-scores among macroinvertebrate types, the concentrations of trace 
elements in macroinvertebrate tissues were independent of the sediment 
characteristics of both the base and middle layers of microcosms in SWSD. 
Therefore, the presence of petroleum coke in this experiment does not lead to 
increased tissue metal concentration in the species measured. Invertebrate 
susceptibility to particular chemicals is species specific (Slooff et al. 1983, Klerks 
and Levinton 1993, Hauer and Lamberti 1996).
Hare et al. (2003) suggests that knowledge of the habit and diet of 
invertebrates is pertinent to the understanding of the manner which contaminants 
are taken up by these organisms. Derotanypus lives in the surficial sediments 
and feeds on organic particles, diatoms, worms and other small chironomids 
(infauna) (Baker and McLachlan 1979). Aeshna are epibenthic or plant- 
associated and feed largely on zooplankton, especially Chaoborus (Folsom and 
Collins 1984). Lymnaeid snails tend to be associated with aquatic plants and 
feeds on plant tissues and epiphytic biofilm (Clarke 1981).
Gastropods are generally metal-tolerant owing to a well-developed 
detoxification system (Nott and Nicolaidou 1994). Their tissues tend to reflect the 
concentrations of metals in their diets, and not what is dissolved in the water. 
Gastropods are both herbivorous and detritivorous (Scheifler et al. 2003). The 
Aeshnidae are mobile aquatic predators. Nymphs of Aeshna canadensis were 
capable of excreting the majority of high levels of Cd fed to them through spiked 
prey (Martin et al. 1990). Aeshnidae tissues contained the lowest concentrations
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of all metals measured. This is reflected in the PC-1 and 2 scores, where
Aeshnidae was consistently low in both of these factors (Fig. 4.6).
Lymnaeidae showed low concentrations of PC-1 metals along with Aeshnidae 
(Fig 4.6a), probably as a result of their greater mobility than is seen in the 
sediment-dwelling, metal tolerant (Hare and Shooner 1995, de Bisthoven et al. 
2005) Derotanypus. Chironomids generally accumulate metals from both water 
and food sources (Hare et al. 2003). Derotanypus generally had the highest 
mean concentrations of every metal measured compared to the other two 
invertebrates, including very high levels of vanadium (913.1 ± 236.3 mg/L). This 
is likely due to the life history of this particular larval insect. It is the most 
immobile of all species measured, living directly in the sediments; it would be 
more likely to absorb metals through direct contact. It is also a predatory 
invertebrate, gaining further metal exposure from its diet.
Plant materials were found to be low in many of the metals associated 
with PC-1, where Lymnaea species graze plant materials (Barbour et al. 1999). 
Lymnaeidae showed the highest concentration of PC-2 metals along with 
Derotanypus (Fig 4.6b). Since Lymnaeidae and Derotanypus share the 
characteristic of consuming sediment associated particles than the strict 
predator, Aeshnidae, PC-2 probably represents this difference in lifestyles. Of 
concern is the apparent magnification of vanadium in SWSD, which was not 
detectable in any of the types of pore waters, at low levels in Chara (mean of 
2.63 ± 0.39 mg/L), (where the average concentration in water dwelling plants can
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vary from 0.4-32 mg/L (Hutchinson 1975)), and somewhat higher in snails found
in Chara mats of SWSD (11.75 ± 3.29 mg/L).
When snails were compared between SWSD microcosms and the natural 
control BP, BP snails measured consistently lower in all tissue metal PCs for all 
sediment types (Fig 4.7). Planned comparisons showed that tissue metal 
concentration from snails in all SWSD treatments was significantly different from 
BP sediments, but that there was no significant difference between any of the 
treatments within SWSD. The differences in metal concentrations of snails 
between SWSD and BP are probably due to differences in the sediments 
between these wetlands. Generally, BP had similar if not higher concentrations 
of most metals measured in extracted pore waters (Table 4.5). However, 
surficial BP sediment consists entirely of organic detritus (pers. obs.), whereas in 
2001, SWSD sediment had averaged 5.2% organic material by LOI (Ganshorn 
2002). BP also has very tea-coloured water, indicative of the presence of 
dissolved organic acids, SWSD is clear and relatively uncoloured (personal 
observations at time of sampling). Both of these organic materials serve as 
natural absorbents for metals, limiting their bioavailability. The metals found in 
BP are likely less bioavailable than those of SWSD, and this supports the case 
for adding organic materials (in the form of peat) to constructed wetlands.
CONCLUSIONS
The presence of petroleum coke in the microcosm treatments did not 
significantly influence the concentrations of metals in pore waters, dominant
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macrophytes, or several orders of invertebrates. Pore water metal 
concentrations in SWSD were already high, compared to most available 
guideline levels appropriate for the protection of drinking water health, and 
aquatic life in surface waters. This was true of all wetlands sampled in this study, 
natural or degraded, and thus high metal concentrations cannot be simply 
attributed to the presence of oil sands-mine process materials in constructed 
wetlands. This is likely a general feature of wetlands and shallow lakes located 
in this landscape of north-eastern Alberta. Elevated trace metal concentrations 
seem to be associated with the pore waters of natural sediments in the oil sand 
area.
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS
The objective of my project was to determine whether the addition of coke 
and/or topsoil to the surface of reference and OSPM-affected wetlands 
influenced the development of aquatic plants or use of small patches by aquatic 
invertebrates. Because coke has been suspected of releasing trace metals, I 
also examined the pore water, plant tissues and invertebrates that developed on 
test plots
Results indicate that petroleum coke had no apparent effect on the 
percent cover, biomass, root-shoot relationships or species richness of 
macrophytes in the three constructed wetlands, at the scale of the experiments 
we conducted. There were greater differences in dominant species, 
development of plant cover and accumulation of biomass among the three 
wetlands than among any treatments within a single wetland.
Of the macrophyte attributes I studied, percent cover showed the lowest 
levels of variability with each wetland, making it the best means we had to collect 
information about the effects of the in situ sediment amendments of petroleum 
coke. Chara vulgaris reached an apparent maximum cover (~95%) in SWSD 
between 107-187d of frost-free growth. Typha latifolia growth reached its 
apparent maximum measured cover (29.9%) at approximately 175d of frost-free 
growth in TP9 in 2005. Macrophytes in JP seemed to show no apparent 
difference in percent cover or biomass among treatment lengths. Other
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measures (biomass, root-shoot relationship, and species richness) varied greatly 
within wetlands, despite the high replication of these observations. An increase 
or decrease of even 50% in macrophyte biomass, root-shoot relationships or 
species richness might be considered an important impact, but would be 
undetectable using any of these measures. Background variation is already so 
high that differences associated with the treatments at this scale are 
inconsequential.
Small (40 cm diameter x 10 cm thick) amendments of petroleum coke in 
constructed wetlands containing oil sands effluents did not appear to significantly 
affect the abundance or richness of invertebrates in wetlands that were 
constructed with oil sands process water (TP9) and sediments (JP). However, 
effects of petroleum coke amendments were observed in the reference wetland 
(SWSD). Invertebrates common to wetlands constructed with OSPM are likely to 
be tolerant of generalized stress, causing them to be relatively resistant to the 
additional stress of exposure to coke substrates. However, there appeared to be 
a shift in the invertebrate assemblages in plots amended with coke, notably, 
increased relative abundances of Chironomidae and Enallagma. This type of 
community response has been described in other studies (Hart and Lovvorn 
2005) as characteristic of an increase in salinity.
SWSD showed signs of invertebrate impairment with additions of 
petroleum coke, possibly due to avoidance of coke substrates by more sensitive 
invertebrate taxa, than might be found in the OSPM impacted wetlands. These 
results suggest that the use of petroleum coke as a sediment amendment in
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constructed wetlands may not be appropriate. Ecological stress caused by the 
use of coke substrates in the two waste material affected wetlands however, may 
be masked by the negative impacts already caused by the use of oil sands 
process water and or sediments. Also, this study was conducted over a 
relatively short time course. Longer-term studies that persist to the point where 
effects of OSPW and sediment become negligible could theoretically reveal 
latent effects of the sorts seen in the reference wetland. The addition of 
petroleum coke to otherwise unaffected wetlands would be likely to impair the 
aquatic communities, and is not recommended, based on evidence shown in this 
study.
The small scale of this study was undertaken in order to determine 
preliminary positive or negative impacts of petroleum coke in the aquatic 
environment, but limit the potential for widespread contamination, should it exist. 
The larger scale addition of Athabasca oil sands petroleum coke to the aquatic 
environment should be considered with caution, as we were able to detect some 
shorter term negative impacts on the invertebrate community, even at this limited 
scale. Effects on macrophytes proved too difficult to determine; the variability of 
these constructed wetlands appears to be high.
The addition of peat as a surface amendment had a negative impact on 
the growth of macrophytes in the wetland that contained some organic matter 
already (SWSD), but otherwise had no impact in wetlands with little or no organic 
content. In light of these results, it may be worth reconsidering the use of this 
expensive material in wetland reclamation, as there was little observed benefit,
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on the scale of this experiment. In TP9, peat plots had slightly lower local 
invertebrate richness than those lacking peat. This parallels the patterns of 
invertebrate abundance also observed in these peat treatments, possibly as a 
result of oxygen demand created by the microbes that utilize this organic 
resource.
The use of salvaged marsh surfaces in wetland creation has been shown 
to be successful (Stauffer and Brookes 1997). However, this particular type of 
material was not available for these experiments; instead we substituted 
salvaged terrestrial organic materials, which proved to be unsuitable in the 
aquatic setting. Further studies should be undertaken to determine if the location 
of origin of salvaged materials will affect its utility in wetland reclamation. Based 
on findings in this study, the use of terrestrial peat materials in wetland 
reclamation is not recommended.
The presence of petroleum coke in the microcosm treatments did not 
significantly influence the concentrations of metals in pore waters, dominant 
macrophytes, or several orders of invertebrates. Pore water metal 
concentrations in SWSD were already high, compared to most available 
guideline levels appropriate for the protection of drinking water health, and 
aquatic life. This was true of all wetlands sampled in this study, natural or 
degraded, and thus high metal concentrations is sediment pore waters cannot be 
simply attributed to the presence of mine process materials in constructed 
wetlands. This is likely a general feature of wetlands located in this landscape,
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whether it is a natural feature of the sediment in the oil sand area, or due to
possible atmospheric deposition from proximity to mining activities.
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APPENDICES
Appendix 1-Summary of Macrophyte Data
Appendix 1a. Summary of macrophyte data collected from SWSD In Situ 
Experiment Aug 20, 2003.
Summary of Macrophyte Data Collected From SWSD In Situ 2003
Plot# Base Top Install Date Date Collected Cum Frost Free Days Depth(cm) % Cover
19 native no peat 01-Jul-02 20-Aug-03 137 44.5 35
69 native no peat 01-Jul-02 20-Aug-03 137 46.5 35
117 native no peat 01-Jul-02 20-Aug-03 137 77 0
1 native no peat 18-Aug-02 20-Aug-03 88 61 0
52 native no peat 18-Aug-02 20-Aug-03 88 62.5 65
112 native no peat 18-Aug-02 20-Aug-03 88 58.5 5
2 native no peat 15-Jul-03 20-Aug-03 27 55 0
40 native no peat 15-Jul-03 20-Aug-03 27 62 5
41 native no peat 15-Jul-03 20-Aug-03 27 62.5 5
34 native peat 01-Jul-02 20-Aug-03 137 49 95
53 native peat 01-Jul-02 20-Aug-03 137 57.5 20
86 native peat 01-Jul-02 20-Aug-03 137 58.5 10
23 native peat 18-Aug-02 20-Aug-03 88 50.5 20
62 native peat 18-Aug-02 20-Aug-03 88 57.5 80
92 native peat 18-Aug-02 20-Aug-03 88 46.5 10
66 native peat 15-Jul-03 20-Aug-03 27 52.5 5
88 native peat 15-Jul-03 20-Aug-03 27 47.5 5
120 native peat 15-Jul-03 20-Aug-03 27 54 5
36 sand no peat 01-Jul-02 20-Aug-03 137 47 70
44 sand no peat 01-Jul-02 20-Aug-03 137 56.5 40
98 sand no peat 01-Jul-02 20-Aug-03 137 58.5 35
39 sand no peat 18-Aug-02 20-Aug-03 88 46 30
50 sand no peat 18-Aug-02 20-Aug-03 88 60 5
107 sand no peat 18-Aug-02 20-Aug-03 88 65 0
10 sand no peat 15-Jul-03 20-Aug-03 27 51.5 0
80 sand no peat 15-Jul-03 20-Aug-03 27 48.5 15
83 sand no peat 15-Jul-03 20-Aug-03 27 59.5 0
3 sand peat 01-Jul-02 20-Aug-03 137 75 0
71 sand peat 01-Jul-02 20-Aug-03 137 41 25
111 sand peat 01-Jul-02 20-Aug-03 137 68 0
16 sand peat 18-Aug-02 20-Aug-03 88 58 20
70 sand peat 18-Aug-02 20-Aug-03 88 52.5 25
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Appendix 1a. Summary of macrophyte data collected from SWSD In Situ
Experiment Aug 20, 2003.
Summary of Macrophyte Data Collected From SWSD In Situ 2003
Plot# Base Top Install Date Date Collected Cum Frost Free Days Depth(cm) % Cover
47 sand peat 15-Jul-03 20-Aug-03 27 53.5 0
103 sand peat 15-Jul-03 20-Aug-03 27 47.5 0
15 suncor coke no peat 01-Jul-02 20-Aug-03 137 56.5 60
63 suncor coke no peat 01-Jul-02 20-Aug-03 137 48.5 40
82 suncor coke no peat 01-Jul-02 20-Aug-03 137 67 10
14 suncor coke no peat 18-Aug-02 20-Aug-03 88 42.5 20
79 suncor coke no peat 18-Aug-02 20-Aug-03 88 54 0
99 suncor coke no peat 18-Aug-02 20-Aug-03 88 55.5 5
13 suncor coke no peat 15-Jul-03 20-Aug-03 27 56 0
56 suncor coke no peat 15-Jul-03 20-Aug-03 27 52.5 0
100 suncor coke no peat 15-Jul-03 20-Aug-03 27 57 0
28 suncor coke peat 01-Jul-02 20-Aug-03 137 45.5 60
49 suncor coke peat 01-Jul-02 20-Aug-03 137 59.5 50
106 suncor coke peat 01-Jul-02 20-Aug-03 137 49 0
30 suncor coke peat 18-Aug-02 20-Aug-03 88 48.5 75
43 suncor coke peat 18-Aug-02 20-Aug-03 88 46.5 15
104 suncor coke peat 18-Aug-02 20-Aug-03 88 51 0
29 suncor coke peat 15-Jul-03 20-Aug-03 27 48.5 0
65 suncor coke peat 15-Jul-03 20-Aug-03 27 48 2
113 suncor coke peat 15-Jul-03 20-Aug-03 27 35 20
9 syncrude coke no peat 01-Jul-02 20-Aug-03 137 57.5 0
57 syncrude coke no peat 01-Jul-02 20-Aug-03 137 56 0
91 syncrude coke no peat 01-Jul-02 20-Aug-03 137 47.5 20
35 syncrude coke no peat 18-Aug-02 20-Aug-03 88 43.5 80
72 syncrude coke no peat 18-Aug-02 20-Aug-03 88 57 25
81 syncrude coke no peat 18-Aug-02 20-Aug-03 88 59.5 55
17 syncrude coke no peat 15-Jul-03 20-Aug-03 27 46.5 0
75 syncrude coke no peat 15-Jul-03 20-Aug-03 27 51.5 0
94 syncrude coke no peat 15-Jul-03 20-Aug-03 27 49 0
24 syncrude coke peat 01-Jul-02 20-Aug-03 137 63 60
78 syncrude coke peat 01-Jul-02 20-Aug-03 137 65 10
101 syncrude coke peat 01-Jul-02 20-Aug-03 137 58.5 0
6 syncrude coke peat 18-Aug-02 20-Aug-03 88 65 0
60 syncrude coke peat 18-Aug-02 20-Aug-03 88 41.5 70
116 syncrude coke peat 18-Aug-02 20-Aug-03 88 78.5 0
25 syncrude coke peat 15-Jul-03 20-Auq-03 27 52.5 0
55 syncrude coke peat 15-Jul-03 20-Aug-03 27 54.5 0
108 syncrude coke peat 15-Jul-03 20-Aug-03 27 56 0
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005
Plot# Base Top Install Date Date Collected Cum. Frost Free Days Depth (cm) DO (mg/L) % Cover
21 native no 21-Jul-04 02-Aug-05 107 67 14.31 100
58 native no 21-Jul-04 01-Aug-05 107 70 13.61 100
89 native no 21-Jul-04 03-Aug-05 107 65 13.14 100
18 native no 05-Aug-03 02-Aug-05 187 70 14.58 100
46 native no 05-Aug-03 01-Aug-05 187 90 14.12 100
96 native no 05-Aug-03 03-Aug-05 187 85 13.76 100
2 native no 15-Jul-03 02-Aug-05 208 80 15.04 100
40 native no 15-Jul-03 03-Aug-05 208 81 14.65 100
41 native no 15-Jul-03 01-Aug-05 208 72 14.71 100
1 native no 18-Aug-02 02-Aug-05 269 83 15.62 100
52 native no 18-Aug-02 01-Aug-05 269 80 13.30 100
112 native no 18-Aug-02 04-Aug-05 269 85 14.07 100
19 native no 01-Jul-02 02-Aug-05 318 72 14.37 100
69 native no 01-Jul-02 01-Aug-05 318 73 12.36 100
117 native no 01-Jul-02 04-Aug-05 318 95 16.16 100
5 native peat 21-Jul-04 02-Aug-05 107 84 14.41 100
61 native peat 21-Jul-04 01-Aug-05 107 77 15.04 100
114 native peat 21-Jul-04 04-Aug-05 107 100 11.96 10
26 native peat 05-Auq-03 03-Aug-05 187 80 14.37 100
67 native peat 05-Aug-03 01-Aug-05 187 73 13.75 100
115 native peat 05-Aug-03 04-Aug-05 187 81 11.85 75
66 native peat 15-Jul-03 01-Aug-05 208 79 13.96 100
88 native peat 15-Jul-03 03-Aug-05 208 71 13.61 100
120 native peat 15-Jul-03 04-Aug-05 208 78 15.15 100
23 native peat 18-Aug-02 02-Aug-05 269 78 14.79 100
62 native peat 18-Aug-02 01-Aug-05 269 79 13.42 100
92 native peat 18-Aug-02 03-Aug-05 269 71 12.59 100
34 native peat 01-Jul-02 03-Aug-05 318 77 13.58 20
53 native peat 01-Jul-02 01-Aug-05 318 74 13.00 100
86 native peat 01-Jul-02 03-Aug-05 318 84 13.50 100
37 sand no 21-Jul-04 03-Aug-05 107 69 13.57 50
76 sand no 21-Jul-04 01-Aug-05 107 76 13.84 100
95 sand no 21-Jul-04 03-Aug-05 107 77 13.07 50
4 sand no 05-Aug-03 02-Aug-05 187 88 14.71 100
64 sand no 05-Aug-03 01-Aug-05 187 75 14.01 100
84 sand no 05-Auq-03 03-Auq-05 187 76 13.4 100
10 sand no 15-Jul-03 02-Aug-05 208 72 14.59 100
80 sand no 15-Jul-03 03-Aug-05 208 72 13.21 100
83 sand no 15-Jul-03 03-Aug-05 208 82 13.56 100
39 sand no 18-Aug-02 03-Aug-05 269 68 14.00 90
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005 per m2
Plot# # Plants # Species P. p e c tin a tu s  DW(g) Chara DW(g) P. p u s illu s  DW(g) E. flu v ia tile  Roots DW(g)
21 3 3 1.15 46.73 0.01 0
58 2 2 0 67.28 0.23 0
89 7 4 0.35 40.18 0.61 0.20
18 3 3 5.43 8.23 9.99 0
46 2 2 0 47.16 2.05 0
96 1 1 0 76.59 0 0
2 3 3 0.18 24.82 2.37 0
40 2 2 0 2.19 14.49 0
41 2 2 0 14.17 0.66 0
1 2 2 0 18.34 4.70 0
52 2 2 0 41.26 7.81 0
112 1 1 0 70.86 0 0
19 2 2 0 22.63 9.25 0
69 2 2 0 39.81 1.37 0
117 2 2 0.43 33.18 0 0
5 2 2 0 3.86 0.69 0
61 2 2 0 54.93 0.02 0
114 2 2 0.06 1.35 0 0
26 1 1 0 70.04 0 0
67 2 2 0 91.76 1.99 0
115 2 2 0.91 12.78 0 0
66 2 2 0 82.42 0.10 0
88 3 3 0.14 50.13 0.86 0
120 3 3 0.99 9.95 0.93 0
23 2 2 0 29.99 0.37 0
62 2 2 0 91.98 0.95 0
92 3 3 1.26 14.35 0.78 0
34 2 2 0 7.99 6.09 0
53 2 2 0 10.92 16.47 0
86 2 2 0 41.21 0.01 0
37 3 3 1.04 3.94 2.85 0
76 2 2 0 18.63 1.16 0
95 3 3 0.09 20.56 0.08 0
4 2 2 0.20 15.35 0 0
64 2 2 0 27.88 3.27 0
84 2 2 3.22 27.08 0 0
10 3 3 0.25 23.67 7.75 0
80 2 2 0 95.65 0.05 0
83 2 2 3.03 38.91 0 0
39 2 2 0 0.69 7.38 0
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005 per m2
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005
Plot# Base Top Install Date Date Collected Cum. Frost Free Days Depth (cm) DO (mg/L) % Cover
50 sand no 18-Aug-02 01-Aug-05 269 79 13.71 100
107 sand no 18-Aug-02 04-Aug-05 269 87 13.39 100
36 sand no 01-Jul-02 03-Aug-05 318 75 13.86 75
44 sand no 01-Jul-02 01-Aug-05 318 81 12.87 75
98 sand no 01-Jul-02 03-Aug-05 318 85 14.11 100
12 sand peat 21-Jul-04 02-Aug-05 107 68 13.9 75
48 sand peat 21-Jul-04 01-Aug-05 107 73 14.00 100
105 sand peat 21-Jul-04 04-Aug-05 107 73 12.90 60
31 sand peat 05-Aug-03 03-Aug-05 187 72 14.12 90
45 sand peat 05-Aug-03 01-Aug-05 187 75 13.82 100
118 sand peat 05-Aug-03 04-Aug-05 187 78 14.35 25
33 sand peat 15-Jul-03 03-Aug-05 208 68 13.90 75
47 sand peat 15-Jul-03 01-Aug-05 208 74 13.56 100
103 sand peat 15-Jul-03 03-Aug-05 208 71 13.84 75
16 sand peat 18-Aug-02 02-Aug-05 269 80 14.16 100
70 sand peat 18-Aug-02 01-Aug-05 269 84 12.88 100
87 sand peat 18-Aug-02 03-Aug-05 269 80 13.61 100
3 sand peat 01-Jul-02 02-Aug-05 318 98 15.47 100
71 sand peat 01-Jul-02 01-Aug-05 318 73 14.08 100
111 sand peat 01-Jul-02 04-Aug-05 318 85 13.05 75
20 suncor coke no 21-Jul-04 02-Aug-05 107 71 14.51 25
42 suncor coke no 21-Jul-04 01-Aug-05 107 69 12.44 25
85 suncor coke no 21-Jul-04 03-Aug-05 107 71 12.58 100
7 suncor coke no 05-Aug-03 02-Aug-05 187 83 14.72 100
54 suncor coke no 05-Aug-03 01-Aug-05 187 71 13.34 100
90 suncor coke no 05-Aug-03 03-Aug-05 187 65 13.06 100
13 suncor coke no 15-Jul-03 02-Aug-05 208 84 13.34 100
56 suncor coke no 15-Jul-03 01-Aug-05 208 76 13.09 100
100 suncor coke no 15-Jul-03 03-Aug-05 208 75 12.98 100
14 suncor coke no 18-Aug-02 02-Aug-05 269 80 14.14 100
79 suncor coke no 18-Aug-02 01-Aug-05 269 79 13.09 100
99 suncorcoke no 18-Aug-02 03-Aug-05 269 88 12.79 100
15 suncorcoke no 01-Jul-02 02-Aug-05 318 76 14.20 100
63 suncor coke no 01-Jul-02 01-Aug-05 318 73 13.61 100
82 suncor coke no 01-Jul-02 03-Aug-05 318 91 13.54 100
32 suncor coke peat 21-Jul-04 03-Aug-05 107 66 14.33 25
74 suncor coke peat 21-Jul-04 01-Aug-05 107 76 14.08 50
119 suncor coke peat 21-Jul-04 04-Aug-05 107 77 15.30 50
22 suncor coke peat 05-Aug-03 02-Aug-05 187 71 13.83 80
77 suncor coke peat 05-Aug-03 01-Aug-05 187 78 13.94 100
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005 per m2
Plot# # Plants # Species P. p e c tin a tu s  DW(g) Chara DW(g) P. p u s illu s  DW(g) E. flu v ia tile  Roots DW(g)
50 2 2 0 57.71 0.86 0
107 2 2 0.01 37.26 0 0
36 2 2 0 24.06 2.03 0
44 2 2 0 2.72 1.31 0
98 3 3 0.17 16.58 4.99 0
12 3 3 0.05 0.34 4.25 0
48 2 2 0 12.42 1.57 0
105 3 3 3.03 14.29 0.56 0
31 2 2 0 38.13 1.43 0
45 2 2 0 13.02 12.08 0
118 2 2 2.07 0.36 0 0
33 2 2 0 3.99 8.51 0
47 2 2 0 42.35 6.78 0
103 3 3 0.38 10.48 0.60 0
16 2 2 0 38.82 3.57 0
70 2 2 0 76.89 0.59 0
87 2 2 0 44.99 3.21 0
3 2 2 6.5 13.77 0 0
71 2 2 0 46.55 0.37 0
111 2 2 0.55 14.42 0 0
20 2 2 0 11.11 0.94 0
42 2 2 0 0.94 0.46 0
85 3 3 0.18 60.46 0.31 0
7 2 2 0 15.02 1.02 0
54 2 2 0 15.24 19.57 0
90 3 3 3.54 28.27 0.08 0
13 3 3 0.02 4.87 4.30 0
56 2 2 0 53.56 4.09 0
100 3 3 1.23 17.36 0.23 0
14 2 2 0 7.48 6.74 0
79 1 1 0 66.63 0 0
99 3 3 0.05 60.51 0.91 0
15 2 2 0 14.29 11.86 0
63 2 2 0 71.67 6.18 0
82 2 2 0 68.85 0.03 0
32 2 2 0 1.17 1.04 0
74 2 2 0 4.76 4.71 0
119 3 3 0.95 2.42 0.10 0
22 2 2 0 7.50 5.96 0
77 2 2 0 39.32 0.63 0
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005 per m2
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005
Plot# Base Top Install Date Date Collected Cum. Frost Free Days Depth (cm) DO (mg/L) % Cover
109 suncor coke peat 05-Aug-03 04-Aug-05 187 72 13.14 100
29 suncor coke peat 15-Jul-03 03-Aug-05 208 73 13.97 100
65 suncor coke peat 15-Jul-03 01-Aug-05 208 75 13.59 100
113 suncor coke peat 15-Jul-03 04-Aug-05 208 65 13.3 50
30 suncor coke peat 18-Aug-02 03-Aug-05 269 72 14.2 90
43 suncor coke peat 18-Aug-02 01-Aug-05 269 75 13.7 100
104 suncor coke peat 18-Aug-02 04-Aug-05 269 77 12.7 80
28 suncor coke peat 01-Jul-02 03-Aug-05 318 71 14.25 80
49 suncor coke peat 01-Jul-02 01-Aug-05 318 81 13.47 100
106 suncor coke peat 01-Jul-02 04-Aug-05 318 79 13.28 75
27 syncrude coke no 21-Jul-04 03-Aug-05 107 63 14.38 20
51 syncrude coke no 21-Jul-04 01-Aug-05 107 75 13.29 100
110 syncrude coke no 21-Jul-04 04-Aug-05 107 75 13.09 100
38 syncrude coke no 05-Aug-03 03-Aug-05 187 73 13.62 90
59 syncrude coke no 05-Aug-03 01-Aug-05 187 73 12.98 100
93 syncrude coke no 05-Aug-03 03-Aug-05 187 70 12.93 100
17 syncrude coke no 15-Jul-03 02-Aug-05 208 72 13.27 100
75 syncrude coke no 15-Jul-03 01-Aug-05 208 76 13.64 100
94 syncrude coke no 15-Jul-03 03-Aug-05 208 77 13.03 100
35 syncrude coke no 18-Aug-02 03-Aug-05 269 70 13.66 75
72 syncrude coke no 18-Aug-02 01-Aug-05 269 80 14.9 100
81 syncrude coke no 18-Aug-02 03-Aug-05 269 82 14.2 100
9 syncrude coke no 01-Jul-02 02-Aug-05 318 79 14.29 100
57 syncrude coke no 01-Jul-02 01-Aug-05 318 77 12.77 100
91 syncrude coke no 01-Jul-02 03-Aug-05 318 71 14.39 100
8 syncrude coke peat 21-Jul-04 02-Aug-05 107 70 14.76 100
68 syncrude coke peat 21-Jul-04 01-Aug-05 107 69 12.83 50
97 syncrude coke peat 21-Jul-04 03-Aug-05 107 80 14.1 100
11 syncrude coke peat 05-Aug-03 02-Aug-05 187 89 13.84 100
73 syncrude coke peat 05-Aug-03 01-Aug-05 187 75 14.2 100
102 syncrude coke peat 05-Aug-03 03-Aug-05 187 79 13.52 100
25 syncrude coke peat 15-Jul-03 02-Aug-05 208 78 14.55 100
55 syncrude coke peat 15-Jul-03 01-Aug-05 208 84 12.96 100
108 syncrude coke peat 15-Jul-03 04-Aug-05 208 80 13.36 100
6 syncrude coke peat 18-Aug-02 02-Aug-05 269 87 14.78 50
60 syncrude coke peat 18-Aug-02 01-Aug-05 269 65 11.56 75
116 syncrude coke peat 18-Aug-02 04-Aug-05 269 97 16.61 100
24 syncrude coke peat 01-Jul-02 02-Aug-05 318 84 14.32 100
78 syncrude coke peat 01-Jul-02 01-Auq-05 318 86 14.59 100
101 syncrude coke peat 01-Jul-02 03-Aug-05 318 80 13.35 100
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005 per m2
Plot# # Plants # Species P. pe c tina tus  DW(g) Chara DW(g) P. p u s illu s  DW(g) £. f lu v ia tile  Roots DW(g)
109 3 3 1.50 23.66 0.42 0
29 3 3 0 39.12 1.21 0
65 2 2 0 93.23 1.69 0
113 3 3 0.03 5.52 1.97 0
30 2 2 0 64.03 0.28 0
43 2 2 0 23.07 11.81 0
104 3 3 0.41 49.26 0.01 0
28 3 3 0.09 36.60 0.76 0
49 2 2 0 50.59 1.34 0
106 3 3 2.50 15.05 0.76 0
27 2 2 0 6.63 0.05 0
51 1 1 0 30.77 0 0
110 3 3 1.22 33.22 0.05 0
38 3 3 0.13 1.70 9.17 0
59 2 2 0 79.40 0.16 0
93 3 3 0.55 20.04 2.07 0
17 2 2 0 36.13 0.44 0
75 2 2 0 6.83 13.56 0
94 3 3 0.33 20.95 1.35 0
35 2 2 0 21.85 1.48 0
72 2 2 0 51.62 1.52 0
81 2 2 0 85.76 0.41 0
9 2 2 0 14.09 5.91 0
57 2 2 0 63.33 4.62 0
91 3 3 0.17 60.09 0.37 0
8 3 3 0.16 4.38 6.59 0
68 2 2 0 6.81 0.06 0
97 2 2 0 35.43 0.38 0
11 3 3 0.99 11.53 5.90 0
73 1 1 0 76.46 0 0
102 2 2 0.82 17.27 0 0
25 2 2 0 67.15 0.88 0
55 2 2 0 48.70 4.02 0
108 3 3 0.01 54.11 0.11 0
6 2 2 0 1.64 1.29 0
60 2 2 0 14.16 0.34 0
116 2 2 0.03 60.93 0 0
24 2 2 0 61.41 0.20 0
78 1 1 0 79.69 0 0
101 3 3 0.18 40.91 0.30 0
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Appendix 1b. Summary of macrophyte data collected from SWSD In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From SWSD In Situ 2005 per m2
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Appendix 1c. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2003.
Summary of Macrophyte Data Collected From TP9 In Situ 2003
Plot# Base Top Install Date Date Collected Cum Frost Free Days Depth(cm) % Cover
65 native no peat 07-Aug-03 21-Aug-03 14 30 0
59 native no peat 07-Aug-03 21-Aug-03 14 19.5 0
17 native no peat 07-Aug-03 21-Aug-03 14 26 0
84 native no peat 26-May-03 21-Aug-03 81 23 0
62 native no peat 26-May-03 21-Aug-03 81 15.5 0
26 native no peat 26-May-03 21-Aug-03 81 35 0
85 native no peat 20-Aug-02 21-Aug-03 96 25.5 0
31 native no peat 20-Aug-02 21-Aug-03 96 24 0
9 native no peat 20-Aug-02 21-Aug-03 96 25 0
88 native peat 07-Aug-03 21-Aug-03 14 25 0
42 native peat 07-Aug-03 21-Aug-03 14 17.5 0
5 native peat 07-Aug-03 21-Aug-03 14 32 0
71 native peat 26-May-03 21-Aug-03 81 31 2
23 native peat 26-May-03 21-Aug-03 81 24 0
7 native peat 26-May-03 21-Aug-03 81 22 5
74 native peat 20-Aug-02 21-Aug-03 96 25 0
47 native peat 20-Aug-02 21-Aug-03 96 32 0
19 native peat 20-Aug-02 21-Aug-03 96 21 0
78 sand no peat 07-Aug-03 21-Aug-03 14 29 0
43 sand no peat 07-Aug-03 21-Aug-03 14 23 0
4 sand no peat 07-Aug-03 21-Aug-03 14 53.5 0
90 sand no peat 26-May-03 21-Aug-03 81 13 0
48 sand no peat 26-May-03 21-Auq-03 81 17 0
10 sand no peat 26-May-03 21-Aug-03 81 24.5 0
89 sand no peat 20-Aug-02 21-Aug-03 96 21.5 0
60 sand no peat 20-Aug-02 21-Aug-03 96 16 0
27 sand no peat 20-Aug-02 21-Aug-03 96 23 0
70 sand peat 07-Aug-03 21-Aug-03 14 30.5 0
50 sand peat 07-Aug-03 21-Aug-03 14 28.5 0
13 sand peat 07-Aug-03 21-Aug-03 14 33 5
58 sand peat 26-May-03 21-Aug-03 81 10 5
51 sand peat 26-May-03 21-Aug-03 81 12 20
46 sand peat 26-May-03 21-Aug-03 81 23.5 5
61 sand peat 20-Aug-02 21-Aug-03 96 17 0
38 sand peat 20-Auq-02 21-Aug-03 96 16 0
15 sand peat 20-Aug-02 21-Aug-03 96 24 0
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Appendix 1c. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2003.
Summary of Macrophyte Data Collected From TP9 In Situ 2003
Plot# Base Top Install Date Date Collected Cum Frost Free Days Depth(cm) % Cover
73 syncrude coke no peat 07-Aug-03 21-Aug-03 14 38 0
63 syncrude coke no peat 07-Aug-03 21-Aug-03 14 23 0
30 syncrude coke no peat 07-Aug-03 21-Aug-03 14 36 0
55 syncrude coke no peat 26-May-03 21-Aug-03 81 28.5 0
53 syncrude coke no peat 26-May-03 21-Aug-03 81 23.5 0
16 syncrude coke no peat 26-May-03 21-Aug-03 81 18.5 2
66 syncrude coke no peat 20-Aug-02 21-Aug-03 96 30 0
44 syncrude coke no peat 20-Aug-02 21-Aug-03 96 21 0
2 syncrude coke no peat 20-Aug-02 21-Aug-03 96 47.5 0
72 syncrude coke peat 07-Aug-03 21-Aug-03 14 32 0
33 syncrude coke peat 07-Aug-03 21-Aug-03 14 28 0
11 syncrude coke peat 07-Aug-03 21-Aug-03 14 27 0
79 syncrude coke peat 26-May-03 21-Aug-03 81 23.5 0
32 syncrude coke peat 26-May-03 21-Aug-03 81 25.5 10
12 syncrude coke peat 26-May-03 21-Aug-03 81 22 0
77 syncrude coke peat 20-Aug-02 21-Aug-03 96 28 0
54 syncrude coke peat 20-Aug-02 21-Aug-03 96 27 0
25 syncrude coke peat 20-Aug-02 21-Aug-03 96 23.5 0
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Appendix 1d. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2004.
Summary of Macrophyte Data Collected From TP9 In Situ 2004
Plot# Base Top Install Date Date Collected Cum Frost Free Days Depth(cm) % Cover
28 native no peat 13-Aug-04 21-Aug-04 64 24 0
36 native no peat 13-Aug-04 21-Aug-04 64 26 0
69 native no peat 13-Aug-04 21-Aug-04 64 32 20
17 native no peat 07-Aug-03 21-Aug-04 88 23 0
59 native no peat 07-Aug-03 21-Aug-04 88 13 50
65 native no peat 07-Aug-03 21-Aug-04 88 28 60
26 native no peat 26-May-03 21-Aug-04 159 30 0
62 native no peat 26-May-03 21-Aug-04 159 10 30
84 native no peat 26-May-03 21-Aug-04 159 12 30
9 native no peat 20-Aug-02 21-Aug-04 174 20 85
31 native no peat 20-Aug-02 21-Aug-04 174 18 40
85 native no peat 20-Aug-02 21-Aug-04 174 10 0
6 native peat 13-Aug-04 21-Aug-04 64 13 0
39 native peat 13-Aug-04 21-Aug-04 64 24 20
87 native peat 13-Aug-04 21-Aug-04 64 16 60
5 native peat 07-Aug-03 21-Aug-04 88 31.5 0
42 native peat 07-Aug-03 21-Aug-04 88 12 15
88 native peat 07-Aug-03 21-Aug-04 88 18 60
7 native peat 26-May-03 21-Aug-04 159 21.5 0
23 native peat 26-May-03 21-Aug-04 159 21.5 2
71 native peat 26-May-03 21-Aug-04 159 24 0
19 native peat 20-Aug-02 21-Aug-04 174 17 0
47 native peat 20-Aug-02 21-Aug-04 174 29.5 0
74 native peat 20-Aug-02 21-Aug-04 174 23 100
24 sand no peat 13-Aug-04 21-Aug-04 64 19.5 2
35 sand no peat 13-Aug-04 21-Aug-04 64 33.5 2
68 sand no peat 13-Aug-04 21-Aug-04 64 26 10
4 sand no peat 07-Aug-03 21-Aug-04 88 25.5 0
43 sand no peat 07-Aug-03 21-Aug-04 88 20 5
78 sand no peat 07-Aug-03 21-Aug-04 88 24 50
10 sand no peat 26-May-03 21-Aug-04 159 21 40
48 sand no peat 26-May-03 21-Aug-04 159 14 0
90 sand no peat 26-May-03 21-Aug-04 159 11 60
27 sand no peat 20-Aug-02 21-Aug-04 174 23 0
60 sand no peat 20-Aug-02 21-Aug-04 174 9 40
89 sand no peat 20-Aug-02 21-Aug-04 174 12 70
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Appendix 1d. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2004.
Summary of Macrophyte Data Collected From TP9 In Situ 2004
Plot# Base Top Install Date Date Collected Cum Frost Free Days Depth(cm) % Cover
22 sand peat 13-Aug-04 21 -Aug-04 64 6 5
37 sand peat 13-Aug-04 21-Aug-04 64 24 40
83 sand peat 13-Aug-04 21-Aug-04 64 10 60
13 sand peat 07-Aug-03 21-Aug-04 88 29 0
SO sand peat 07-Aug-03 21-Aug-04 88 21 5
70 sand peat 07-Aug-03 21-Aug-04 88 24 10
46 sand peat 26-May-03 21-Aug-04 159 12 90
51 sand peat 26-May-03 21-Aug-04 159 9 0
58 sand peat 26-May-03 21-Aug-04 159 3 20
15 sand peat 20-Aug-02 21-Aug-04 174 17 5
38 sand peat 20-Aug-02 21-Aug-04 174 12 40
61 sand peat 20-Aug-02 21-Aug-04 174 12 20
8 syncrude coke no peat 13-Aug-04 21-Aug-04 64 19 0
41 syncrude coke no peat 13-Aug-04 21-Aug-04 64 27 0
81 syncrude coke no peat 13-Aug-04 21-Aug-04 64 23 40
30 syncrude coke no peat 07-Aug-03 21-Aug-04 88 33.5 0
63 syncrude coke no peat 07-Aug-03 21-Aug-04 88 18 90
73 syncrude coke no peat 07-Aug-03 21-Aug-04 88 28 20
16 syncrude coke no peat 26-May-03 21-Aug-04 159 18 2
53 syncrude coke no peat 26-May-03 21-Aug-04 159 18 0
55 syncrude coke no peat 26-May-03 21-Aug-04 159 19 60
2 syncrude coke no peat 20-Aug-02 21-Aug-04 174 50 0
44 syncrude coke no peat 20-Aug-02 21-Aug-04 174 15 90
66 syncrude coke no peat 20-Aug-02 21-Aug-04 174 26 80
18 syncrude coke peat 13-Aug-04 21-Aug-04 64 12 5
49 syncrude coke peat 13-Aug-04 21-Aug-04 64 13 0
82 syncrude coke peat 13-Aug-04 21-Aug-04 64 12 10
11 syncrude coke peat 07-Aug-03 21-Aug-04 88 25.5 0
33 syncrude coke peat 07-Aug-03 21-Aug-04 88 24.5 60
72 syncrude coke peat 07-Aug-03 21-Aug-04 88 20 20
12 syncrude coke peat 26-May-03 21-Aug-04 159 21.5 5
32 syncrude coke peat 26-May-03 21-Aug-04 159 21 0
79 syncrude coke peat 26-May-03 21-Aug-04 159 14 90
25 syncrude coke peat 20-Aug-02 21-Aug-04 174 21 0
54 syncrude coke peat 20-Aug-02 21-Aug-04 174 18 40
77 syncrude coke peat 20-Aug-02 21-Aug-04 174 20 80
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Appendix 1e. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From TP9 In Situ 2005
Plot # Base Top Install Date Date Collected Cum Frost Free Days Depth (cm) DO(mg/L)
21 native no 13-Aug-04 25-Jul-05 75 50 9.9
34 native no 13-Aug-04 26-Jui-05 75 52 7.06
86 native no 13-Aug-04 27-Jul-05 75 35 12.66
28 native no 01-Jun-04 25-Jul-05 147 54 9.4
36 native no 01-Jun-04 26-JUI-05 147 46 7.18
69 native no 01-Jun-04 27-Jul-05 147 50 12.5
17 native no 07-Aug-03 25-Jul-05 175 54 10.37
59 native no 07-Aug-03 26-Jul-05 175 35 12.54
65 native no 07-Aug-03 27-Jul-05 175 45 13.2
26 native no 26-May-03 25-Jul-05 241 59 9.64
62 native no 26-May-03 27-Jul-05 241 30 12.74
84 native no 26-May-03 27-JUI-05 241 29 12.21
9 native no 20-Aug-02 25-Jul-05 256 45 10.65
31 native no 20-Aug-02 26-Jul-05 256 42 6.92
85 native no 20-Aug-02 2 7-Jul-05 256 35 12.44
14 native peat 13-Aug-04 25-Jul-05 75 57 10.69
52 native peat 13-Aug-04 26-Jul-05 75 35 12.09
64 native peat 13-Aug-04 27-JUI-05 75 41 13.09
6 native peat 01-Jun-04 25-Jul-05 147 39 11.15
39 native peat 01-Jun-04 26-JUI-05 147 45 7.34
87 native peat 01-Jun-04 27-Jul-05 147 36 12.21
5 native peat 07-Aug-03 25-Jul-05 175 56 11.27
42 native peat 07-Aug-03 26-Jul-05 175 34 11.53
88 native peat 07-Aug-03 27-Jul-05 175 35 12.65
7 native peat 26-May-03 25-Jul-05 241 40 11.06
23 native peat 26-May-03 25-Jul-05 241 45 10.46
71 native peat 26-May-03 27-JUI-05 241 50 12.57
19 native peat 20-Aug-02 25-Jul-05 256 39 10.03
47 native peat 20-Aug-02 26-Jul-05 256 49 11.85
74 native peat 20-Aug-02 27-Jul-05 256 35 12.01
20 sand no 13-Aug-04 25-Jul-05 75 68 9.9
57 sand no 13-Aug-04 26-Jul-05 75 50 12.12
75 sand no 13-Aug-04 27-Jul-05 75 45 12.41
24 sand no 01-Jun-04 25-Jul-05 147 45 9.61
35 sand no 01-Jun-04 26-Jul-05 147 46 6.88
68 sand no 01-Jun-04 27-Jul-05 147 47 12.02
4 sand no 07-Aug-03 25-Jul-05 175 46 11.61
43 sand no 07-Aug-03 26-Jul-05 175 35 11.53
78 sand no 07-Aug-03 27-Jul-05 175 39 12.26
10 sand no 26-May-03 25-Jul-05 241 41 10.93
48 sand no 26-May-03 26-Jul-05 241 25 12.02
90 sand no 26-May-03 27-Jul-05 241 28 12.44
27 sand no 20-Aug-02 25-Jul-05 256 41 9.49
60 sand no 20-Aug-02 26-Jul-05 256 30 12.49
89 sand no 20-Aug-02 27-Jul-05 256 35 12.63
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Appendix 1e. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From TP9 In Situ 2005 per m2
Plot# # Plants # Species Carex spp. Shoots(g) P. p ec tina tus  Shoots(g) S c irpus  la cu s tr is  Shoots(g)
21 1 1 0 1.40 0
34 3 3 0.29 0.91 0
86 2 2 0.43 0.29 0
28 2 2 2.75 0.62 0
36 3 3 0.1 1.58 0
69 2 2 0.02 1.67 0
17 3 3 0.75 0.93 0
59 1 1 0 1.57 0
65 1 1 0 6.52 0
26 1 1 3.7 0 0
62 2 2 0.02 0.54 0
84 1 1 0 1.28 0
9 1 1 0 2.00 0
31 2 2 0 0.49 0
85 2 2 0.02 0.93 0
14 3 3 1.42 0.70 0
52 0 0 0 0 0
64 1 1 0 2.31 0
6 3 2 0 0.38 0
39 1 1 0 3.76 0
87 1 1 0 0 0
5 4 3 1.30 0.78 0
42 1 1 0 2.16 0
88 1 1 0 0 0
7 1 1 0 1.14 0
23 2 2 0 0.19 0
71 1 1 0 0.78 0
19 1 1 0 5.87 0
47 0 0 0 0 0
74 1 1 0 1.88 0
20 0 0 0 0 0
57 1 1 0 0.28 0
75 0 0 0 0 0
24 3 2 0 3.16 0
35 3 3 0.34 0.77 0
68 1 1 0 0.42 0
4 2 2 0 0.52 0
43 1 1 0 4.20 0
78 1 1 0 2.10 0
10 3 3 0.18 0.27 0
48 0 0 0 0 0
90 1 1 0 0.66 0
27 3 3 0.86 0.84 0
60 1 1 0 0.87 0
89 1 1 0 0.46 0
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Appendix 1e. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From TP9 In Situ 2005 per m2
Plot# T. la tifo lia  Roots(g) T. la tifo lia  Shoots(g) T. la tifo lia  R:S Total DW(g)
21 0 0 0.00 1.40
34 3.97 5.97 0.66 11.14
86 0 0 0.00 0.72
28 0 0 0.00 3.37
36 8.02 7.67 1.05 17.37
69 0 0 0.00 1.69
17 7.24 12.37 0.59 21.29
59 0 0 0.00 1.57
65 0 0 0.00 6.52
26 0 0 0.00 3.70
62 0 0 0.00 0.56
84 0 0 0.00 1.28
9 0 0 0.00 2.00
31 15.39 28.53 0.54 44.41
85 0 0 0.00 0.95
14 3 7.46 0.40 12.58
52 0 0 0.00 0
64 0 0 0.00 2.31
6 3.33 17.45 0.19 21.16
39 0 0 0.00 3.76
87 0 0 0.00 0
5 25.30 40.44 0.63 67.82
42 0 0 0.00 2.16
88 0 0 0.00 0
7 0 0 0.00 1.14
23 6.01 24.61 0.24 30.81
71 0 0 0.00 0.78
19 0 0 0.00 5.87
47 0 0 0.00 0
74 0 0 0.00 1.88
20 0 0 0.00 0
57 0 0 0.00 0.28
75 0 0 0.00 0
24 13.35 52.75 0.25 69.26
35 31.23 65.29 0.48 97.63
68 0 0 0.00 0.42
4 1.55 1.13 1.37 3.20
43 0 0 0.00 4.20
78 0 0 0.00 2.10
10 3.90 5.85 0.67 10.20
48 0 0 0.00 0
90 0 0 0.00 0.66
27 1.31 16.71 0.08 19.72
60 0 0 0.00 0.87
89 0 0 0.00 0.46
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Appendix 1e. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From TP9 In Situ 2005
Plot# Base Top Install Date Date Collected Cum Frost Free Days Depth (cm) DO(mg/L)
1 sand peat 13-Aug-04 2 5-Jul-05 75 54 11.81
40 sand peat 13-Aug-04 26-Jul-05 75 46 7.38
76 sand peat 13-Aug-04 27-Jul-05 75 - 12.36
22 sand peat 01-Jun-04 25-Jul-05 147 32 10.14
37 sand peat 01-Jun-04 26-Jul-05 147 45 7.23
83 sand peat 01-Jun-04 27-Jul-05 147 30 12.51
13 sand peat 07-Aug-03 25-Jul-05 175 55 10.79
50 sand peat 07-Aug-03 26-Jul-05 175 35 11.92
46 sand peat 26-May-03 26-Jul-05 241 37 11.91
51 sand peat 26-May-03 26-Jul-05 241 36 12.41
58 sand peat 26-May-03 26-Jul-05 241 28 12.55
15 sand peat 20-Aug-02 25-JUI-05 256 41 10.38
38 sand peat 20-Aug-02 26-Jul-05 256 36 7.10
61 sand peat 20-Aug-02 27-Jul-05 256 35 12.77
3 syncrude coke no 13-Aug-04 25-Jul-05 75 64 11.44
56 syncrude coke no 13-Aug-04 26-Jul-05 75 50 12.23
80 syncrude coke no 13-Aug-04 27-Jul-05 75 46 12.15
8 syncrude coke no 01-Jun-04 25-Jul-05 147 43 11.23
41 syncrude coke no 01-Jun-04 26-Jul-05 147 46 7.30
81 syncrude coke no 01-Jun-04 27-Jul-05 147 41 12.17
30 syncrude coke no 07-Aug-03 25-Jul-05 175 54 9.01
63 syncrude coke no 07-Aug-03 27-JUI-05 175 40 12.52
73 syncrude coke no 07-Aug-03 27-Jul-05 175 53 12.60
16 syncrude coke no 26-May-03 25-Jul-05 241 32 10.50
53 syncrude coke no 26-May-03 26-Jul-05 241 42 12.14
55 syncrude coke no 26-May-03 26-Jul-05 241 41 12.19
2 syncrude coke no 20-Aug-02 25-Jul-05 256 56 11.75
44 syncrude coke no 20-Aug-02 26-Jul-05 256 31 11.65
66 syncrude coke no 20-Aug-02 2 7-Jul-05 256 46 12.94
29 syncrude coke peat 13-Aug-04 25-Jul-05 75 65 9.39
45 syncrude coke peat 13-Aug-04 26-Jul-05 75 41 11.36
67 syncrude coke peat 13-Aug-04 27-Jul-05 75 45 13.16
18 syncrude coke peat 01-Jun-04 25-Jul-05 147 34 10.23
49 syncrude coke peat 01-Jun-04 26-Jul-05 147 34 12.06
82 syncrude coke peat 01-Jun-04 27-Jul-05 147 30 12.33
11 syncrude coke peat 07-Aug-03 25-Jul-05 175 53 10.85
33 syncrude coke peat 07-Aug-03 26-Jul-05 175 54 6.80
72 syncrude coke peat 07-Aug-03 27-Jul-05 175 46 11.86
12 syncrude coke peat 26-May-03 25-Jul-05 241 49 10.89
32 syncrude coke peat 26-May-03 26-Jul-05 241 43 7.02
79 syncrude coke peat 26-May-03 27-Jul-05 241 39 12.35
25 syncrude coke peat 20-Aug-02 25-Jul-05 256 49 9.77
54 syncrude coke peat 20-Aug-02 26-Jul-05 256 35 12.32
77 syncrude coke peat 20-Aug-02 27-Jul-05 256 37 12.12
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Appendix 1e. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From TP9 In Situ 2005 per m2
Plot# # Plants # Species Carex spp. Shoots(g) P. pe c tin a tu s  Shoots(g) S c irp u s  la cu s tr is  Shoots(g)
1 2 2 3.06 0.17 0
40 1 1 0 4.96 0
76 0 0 0 0 0
22 1 1 0 1.55 0
37 1 1 0 4.64 0
83 3 2 0 0.11 1.80
13 2 2 0 0.19 0
50 1 1 0 0.76 0
46 1 1 0 0.92 0
51 0 0 0 0 0
58 4 2 0 0.42 0
15 2 2 0 0.80 0
38 1 1 0 1.60 0
61 1 1 0 0.68 0
3 1 1 12.37 0 0
56 2 2 1.37 2.53 0
80 0 0 0 0 0
8 1 1 0 1.30 0
41 1 1 0 1.89 0
81 1 1 0 1.39 0
30 4 3 1.13 1.01 0
63 2 2 0.38 0.14 0
73 1 1 0 10.29 0
16 1 1 0 2.66 0
53 0 0 0 0 0
55 1 1 0 2.40 0
2 1 1 2.32 0 0
44 2 2 1.01 6.41 0
66 1 1 0 2.25 0
29 0 0 0 0 0
45 2 2 4.64 0.67 0
67 1 1 0 2.47 0
18 3 2 0 3.01 0
49 1 1 0 0 0
82 1 1 0.19 0 0
11 2 2 0.94 0 0
33 3 2 0 3.5 0
72 0 0 0 0 0
12 0 0 0 0 0
32 0 0 0 0 0
79 1 1 0 2.87 0
25 2 2 0.24 0.13 0
54 1 1 0 0.64 0
77 2 2 0.03 0.92 0
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Appendix 1e. Summary of macrophyte data collected from TP9 In Situ
Experiment in Aug 2005.
Summary of Macrophyte Data Collected From TP9 In Situ 2005 per m2
Plot# T. la tifo lia  Roots(g) T. la tifo lia  Shoots(g) T. la tifo lia  R:S Total DW(g)
1 0 0 0.00 3.23
40 0 0 0.00 4.96
76 0 0 0.00 0
22 0 0 0.00 1.55
37 0 0 0.00 4.64
83 0 0 0.00 1.91
13 2.82 1.46 1.93 4.47
50 0 0 0.00 0.76
46 0 0 0.00 0.92
51 0 0 0.00 0
58 6.99 20.16 0.35 27.57
15 26.21 54.73 0.48 81.74
38 0 0 0.00 1.60
61 0 0 0.00 0.68
3 0 0 0.00 12.37
56 0 0 0.00 3.90
80 0 0 0.00 0
8 0 0 0.00 1.30
41 0 0 0.00 1.89
81 0 0 0.00 1.39
30 74.19 64.23 1.16 140.56
63 0 0 0.00 0.52
73 0 0 0.00 10.29
16 0 0 0.00 2.66
53 0 0 0.00 0
55 0 0 0.00 2.40
2 0 0 0.00 2.32
44 0 0 0.00 7.42
66 0 0 0.00 2.25
29 0 0 0.00 0
45 0 0 0.00 5.31
67 0 0 0.00 2.47
18 25.71 158.19 0.16 186.91
49 0.02 0.11 0.18 0.13
82 0 0 0.00 0.19
11 7.5 3.35 2.24 11.79
33 6.93 7.20 0.96 17.63
72 0 0 0.00 0
12 0 0 0.00 0
32 0 0 0.00 0
79 0 0 0.00 2.87
25 0 0 0.00 0.37
54 0 0 0.00 0.64
77 0 0 0.00 0.95
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Appendix 1f. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2003.
Summary of Macroph\rte Data Collected From JP In Situ 2003
Plot# Base Top Install Date Date Collected Cum. Frost Free Days Depth(cm) % Cover
29 native no 16-JUI-03 11-Aug-03 26 15 0
51 native no 16-JUI-03 11-Aug-03 26 20 70
2 native no 22-Aug-02 11-Aug-03 86 34 2
34 native no 22-Aug-02 11-Aug-03 86 14 2
53 native no 22-Aug-02 11-Aug-03 86 18 80
11 native peat 16-Jul-03 11-Aug-03 26 22 5
38 native peat 16-Jul-03 11-Aug-03 26 12 0
15 native peat 22-Aug-02 11-Aug-03 86 32 2
27 native peat 22-Aug-02 11-Aug-03 86 12 2
43 native peat 22-Aug-02 11-Aug-03 86 28 2
4 sand no 1 e-Jui-03 11-Aug-03 26 32 0
35 sand no 16-Jul-03 11-Aug-03 26 5 10
17 sand no 22-Aug-02 11-Aug-03 86 18 2
28 sand no 22-Aug-02 11-Aug-03 86 8 2
46 sand no 22-Aug-02 11-Aug-03 86 24 25
20 sand peat 16-Jul-03 11-Aug-03 26 31 2
54 sand peat 16-Jul-03 11-Aug-03 26 21 5
8 sand peat 22-Aug-02 11-Aug-03 86 31 20
36 sand peat 22-Aug-02 11-Aug-03 86 12 25
55 sand peat 22-Aug-02 11-Aug-03 86 27 5
22 suncor coke no 16-Jul-03 11-Aug-03 26 17 2
50 suncor coke no 16-JUI-03 11-Aug-03 26 42 0
5 suncor coke no 22-Aug-02 11-Aug-03 86 25 40
23 suncor coke no 22-Aug-02 11-Aug-03 86 16 70
57 suncor coke no 22-Aug-02 11-Aug-03 86 31 0
14 suncor coke peat 16-Jul-03 11-Aug-03 26 27 5
49 suncor coke peat 16-Jul-03 11-Aug-03 26 24 20
12 suncor coke peat 22-Aug-02 11-Aug-03 86 21 10
39 suncor coke peat 22-Aug-02 11-Aug-03 86 12 5
48 suncorcoke peat 22-Aug-02 11-Aug-03 86 19 2
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Appendix 1g. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2004.
Summary of Macrophyte Data Collected From JP In Situ 2004
Plot# Base Top Intall Date Date Collected Cum. Frost Free Days Depth(cm) % Cover
9 native no 09-Aug-03 5-Jun-04 27 34 0
33 native no 09-Aug-03 5-Jun-04 27 29 0
29 native no 16-Jul-03 5-Jun-04 51 18 0
51 native no 16-Jul-03 5-Jun-04 51 24 20
2 native no 22-Aug-02 5-Jun-04 109 37 0
34 native no 22-Aug-02 5-Jun-04 109 17 0
53 native no 22-Aug-02 5-Jun-04 109 20.5 70
31 native peat 09-Aug-03 5-Jun-04 27 14.5 0
47 native peat 09-Aug-03 5-Jun-04 27 24 15
11 native peat 16-Jul-03 5-Jun-04 51 27 40
38 native peat 16-Jul-03 5-Jun-04 51 16 0
15 native peat 22-Aug-02 5-Jun-04 109 34 0
27 native peat 22-Aug-02 5-Jun-04 109 15 60
43 native peat 22-Aug-02 5-Jun-04 109 30 0
25 sand no 09-Aug-03 5-Jun-04 27 17.5 0
42 sand no 09-Aug-03 5-Jun-04 27 27.5 0
4 sand no 16-Jul-03 5-Jun-04 51 32.5 1
35 sand no 16-Jul-03 5-Jun-04 51 10 40
17 sand no 22-Aug-02 5-Jun-04 109 20.5 10
28 sand no 22-Aug-02 5-Jun-04 109 11 10
46 sand no 22-Aug-02 5-Jun-04 109 31 0
10 sand peat 09-Aug-03 5-Jun-04 27 37.5 30
56 sand peat 09-Aug-03 5-Jun-04 27 28 0
20 sand peat 16-Jul-03 5-Jun-04 51 35 20
54 sand peat 16-Jul-03 5-Jun-04 51 22 0
8 sand peat 22-Aug-02 5-Jun-04 109 33 0
36 sand peat 22-Auq-02 5-Jun-04 109 18 10
55 sand peat 22-Aug-02 5-Jun-04 109 33 0
24 suncorcoke no 09-Aug-03 5-Jun-04 27 25 40
41 suncor coke no 09-Aug-03 5-Jun-04 27 17.5 0
22 suncor coke no 16-Jul-03 5-Jun-04 51 21 65
50 suncor coke no 16-Jul-03 5-Jun-04 51 41 10
5 suncor coke no 22-Aug-02 5-Jun-04 109 30.5 0
23 suncor coke no 22-Auq-02 5-Jun-04 109 19 40
57 suncor coke no 22-Aug-02 5-Jun-04 109 34.5 0
7 suncor coke peat 09-Auq-03 5-Jun-04 27 39 7
60 suncor coke peat 09-Auq-03 5-Jun-04 27 22 5
48 suncor coke peat 16-Jul-03 5-Jun-04 51 20 0
14 suncor coke peat 16-Jul-03 5-Jun-04 51 29.5 0
49 suncor coke peat 16-Jul-03 5-Jun-04 51 34.5 10
12 suncor coke peat 22-Aug-02 5-Jun-04 109 25 20
39 suncor coke peat 22-Aug-02 5-Jun-04 109 15 5
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 per m2
Plot# Base Top Install Date Date Collected Cum. Frost Free Days Depth(cm) DO(mg/L) % Cover
21 native no 17-Jul-04 21-Jul-05 98 0 0 30
59 native no 17-Jul-04 22-Jul-05 98 28 7.93 100
16 native no 17-Jul-04 21-JUI-05 98 10 7.31 5
9 native no 09-Aug-03 21-Jul-05 169 10 7.66 100
33 native no 09-Aug-03 22-Jul-05 169 8 8.9 25
51 native no 16-Jul-03 22-Jul-05 193 0 0 80
29 native no 16-Jul-03 21-Jul-05 193 0 0 3
2 native no 22-Aug-02 21-Jul-05 250 17 6.73 0
34 native no 22-Aug-02 22-Jul-05 250 0 0 50
53 native no 22-Aug-02 22-Jul-05 250 0 0 75
3 native peat 17-Jul-04 21-Jul-05 98 13 7.05 75
30 native peat 17-Jul-04 21-Jul-05 98 0 0 0
32 native peat 17-JUI-04 22-Jul-05 98 5 8.34 40
31 native peat 09-Aug-03 22-Jul-05 169 0 0 25
47 native peat 09-Aug-03 22-Jul-05 169 0.5 0 90
11 native peat 16-JUI-03 21-Jul-05 193 0.5 0 100
38 native peat 16-JUI-03 22-Jul-05 193 0 0 0
15 native peat 22-Aug-02 21-Jul-05 250 10 7.86 40
27 native peat 22-Aug-02 21-Jul-05 250 0 0 100
43 native peat 22-Aug-02 22-Jul-05 250 7.8 9.11 50
18 sand no 17-Jul-04 21-Jul-05 98 2 0 10
40 sand no 17-Jul-04 22-Jul-05 98 2 0 25
58 sand no 17-JUI-04 22-JUI-05 98 7 8.87 20
25 sand no 09-Aug-03 21-Jul-05 169 0 0 80
42 sand no 09-Aug-03 22-Jul-05 169 6 9.02 10
4 sand no 16-Jul-03 21 -Jul-05 193 10 6.59 50
17 sand no 16-Jul-03 21-Jul-05 193 0 0 100
35 sand no 16-Jul-03 22-Jul-05 193 0 0 60
28 sand no 22-Auq-02 21-Jul-05 250 0 0 30
46 sand no 22-Aug-02 22-Jul-05 250 7 7.88 75
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 3er m2
Plot# # Plants # Species C. la cu s tris  Roots (g) C. la cu s tris  Shoots (g) C. la cu s tr is  R:S
21 7 2 0 0 0.00
59 6 2 9.83 28.19 0.35
16 2 1 0 0 0.00
9 5 2 5.77 8.37 0.69
33 9 1 0 0 0.00
51 10 1 0 0 0.00
29 2 1 0 0 0.00
2 0 0 0 0 0.00
34 4 2 0 0 0.00
53 18 1 0 0 0.00
3 0 1 0 0 0.00
30 0 0 0 0 0.00
32 15 1 0 0 0.00
31 8 2 5.95 8.36 0.71
47 2 1 0 0 0.00
11 2 1 0.07 7.96 0.01
38 0 0 0 0 0.00
15 8 2 14.66 14.10 1.04
27 2 1 0 0 0.00
43 1 1 0 0 0.00
18 2 2 2.78 4.16 0.67
40 8 1 7.06 8.99 0.79
58 1 1 0 0 0.00
25 9 1 0 0 0.00
42 1 1 0 0 0.00
4 6 1 0 0 0.00
17 10 2 9.74 10.04 0.97
35 13 2 0 0 0.00
28 5 2 0 0 0.00
46 0 0 0 0 0.00
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 per m2
Plot# S. la c u s tr is  Roots(g) S. la cu s tris  Shoots(g) S. la cu s tr is  R:S T. la tifo lia  Roots(g) T. la tifo lia  Shoots(g)
21 0 0.77 0.00 54.05 38.10
59 0 0 0.00 10.23 15.55
16 0.91 0.29 3.14 0 0
9 0 0 0.00 27.03 29.66
33 16.80 2.14 7.85 0 0
51 66.91 34.38 1.95 0 0
29 0 0 0.00 3.04 10.53
2 0 0 0.00 0 0
34 2.23 0.65 3.43 11.26 2.11
53 575.14 42.71 13.47 0 0
3 0 0 0.00 33.34 41.01
30 0 0 0.00 0 0
32 70.10 27.62 2.54 0 0
31 1.04 1.15 0.90 0 0
47 0 0 0.00 12.07 25.92
11 0 0 0.00 0 0
38 0 0 0.00 0 0
15 0.03 0.04 0.75 0 0
27 0 0 0.00 15.80 10.80
43 0 0 0.00 0 0
18 0 0 0.00 1.01 9.52
40 0 0 0.00 0 0
58 0 0 0.00 2.23 6.64
25 0 0 0.00 128.08 75.35
42 0 0 0.00 0 0
4 0 0 0.00 29.24 58.57
17 10.07 8.62 1.17 0 0
35 19.03 11.83 1.61 41.87 49.95
28 1.03 0.91 1.13 12.70 33.71
46 0 0 0.00 0 0
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 per m2
Plot# 7. la tifo lia  R:S P. p e c tina tus  Shoots(g) P. p u s illu s  Shoots(g) Total DW(g)
21 1.42 0 0 92.92
59 0.66 0 0 63.80
16 0.00 0 0 1.20
9 0.91 0 0 70.83
33 0.00 0 0 18.94
51 0.00 0 0 101.29
29 0.29 0 0 13.57
2 0.00 0 0 0
34 5.34 0 0 16.25
53 0.00 0 0 617.85
3 0.81 0 0 74.35
30 0.00 0 0 0
32 0.00 0 0 97.72
31 0.00 0 0 16.50
47 0.47 0 0 37.99
11 0.00 0 0 8.03
38 0.00 0 0 0
15 0.00 0 0 28.83
27 1.46 0 0 26.60
43 0.00 0 2.55 2.55
18 0.11 0 0 17.47
40 0.00 0 0 16.05
58 0.34 0 0 8.87
25 1.70 0 0 203.43
42 0.00 0 0.54 0.54
4 0.50 0 0 87.81
17 0.00 0 0 38.47
35 0.84 0 0 122.68
28 0.38 0 0 48.35 '
46 0.00 0 0 0
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 per m2
Plot# Base Top Install Date Date Collected Cum. Frost Free Days Depth(cm) DO(mg/L) % Cover
6 sand peat 17-Jul-04 21-JUI-05 98 5 7.25 60
19 sand peat 17-Jul-04 21-Jul-05 98 8 6.7 50
45 sand peat 17-Jul-04 22-Jul-05 98 18 6.5 75
10 sand peat 09-Aug-03 21-Jul-05 169 8 5.29 75
56 sand peat 09-Aug-03 22-Jul-05 169 6 7.08 80
20 sand peat 16-Jul-03 21-Jul-05 193 10 5.86 70
54 sand peat 16-Jul-03 22-Jul-05 193 0 0 50
8 sand peat 22-Aug-02 21-Jul-05 250 28 8.62 100
36 sand peat 22-Aug-02 22-Jul-05 250 0 0 10
55 sand peat 22-Aug-02 22-Jul-05 250 10 6.79 90
1 suncor coke no 17-Jul-04 21-Jul-05 98 9 6.67 10
26 suncor coke no 17-Jul-04 21-Jul-05 98 0 0 75
52 suncor coke no 17-Jul-04 22-Jul-05 98 8 8.42 50
24 suncor coke no 09-Aug-03 21-Jul-05 169 0 0 60
41 suncor coke no 09-Aug-03 22-Jul-05 169 0 0 5
22 suncor coke no 16-Jul-03 21-Jul-05 193 0 0 80
50 suncor coke no 16-Jul-03 22-JUI-05 193 20 7.6 20
5 suncor coke no 22-Aug-02 21-Jul-05 250 5 7.77 5
23 suncor coke no 22-Aug-02 21-Jul-05 250 0 0 90
57 suncor coke no 22-Aug-02 22-Jul-05 250 13 8.35 0
13 suncor coke peat 17-Jul-04 21-Jul-05 98 8 7.03 5
37 suncor coke peat 17-Jul-04 22-Jul-05 98 0 0 10
44 suncor coke peat 17-Jul-04 22-Jul-05 98 8 9.08 80
7 suncor coke peat 09-Aug-03 21-Jul-05 169 5 6.82 95
60 suncor coke peat 09-Aug-03 22-Jul-05 169 0 0 80
14 suncor coke peat 16-Jul-03 21-Jul-05 193 10 7.29 10
49 suncor coke peat 16-JUI-03 22-JUI-05 193 8 3.92 100
12 suncor coke peat 22-Aug-02 21-Jul-05 250 0.5 0 100
39 suncor coke peat 22-Aug-02 22-Jul-05 250 0 0 100
48 suncor coke peat 22-Aug-02 22-Jul-05 250 0 0 50
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 per m2
Plot# # Plants # Species C. la cu s tris  Roots(g) C. la cu s tr is  Shoots(g) C. la cu s tr is  R:S
6 24 2 10.64 14.08 0.76
19 10 2 10.86 11.21 0.97
45 1 1 0 0 0.00
10 2 1 0 0 0.00
56 21 1 0 0 0.00
20 8 2 5.64 14.88 0.38
54 5 1 0 0 0.00
8 4 2 0 0 0.00
36 3 2 1.03 0.15 6.87
55 8 1 0 0 0.00
1 2 2 0 0 0.00
26 7 1 0 0 0.00
52 7 2 0 0 0.00
24 1 1 0 0 0.00
41 2 1 0.23 1.62 0.14
22 5 1 0 0 0.00
50 2 1 0 0 0.00
5 9 1 0 0 0.00
23 5 1 0 0 0.00
57 0 0 0 0 0.00
13 0 0 0 0 0.00
37 4 1 0 0 0.00
44 2 2 0 0 0.00
7 20 2 11.36 15.79 0.72
60 1 1 0 0 0.00
14 1 1 0 0 0.00
49 5 1 0 0 0.00
12 5 1 8.60 10.76 0.80
39 14 3 6.97 10.28 0.68
48 4 2 0 0 0.00
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 per m2
Plot# S. la cu s tr is  Roots(g) S. la cu s tris  Shoots(g) S. la cu s tris  R:S T. la tifo lia  Roots(g) T. la tifo lia  Shoots(g)
6 78.5 34.09 2.30 0 0
19 0 0 0.00 78.94 98.07
45 0 0 0.00 0 0
10 0 0 0.00 12.48 27.21
56 44.97 55.00 0.82 0 0
20 0 0 0.00 18.93 37.33
54 20.37 23.2 0.88 0 0
8 5.24 0.84 6.24 0 0
36 0 0 0.00 2.55 3.73
55 17.58 53.56 0.33 0 0
1 0 0 0.00 0.75 1.37
26 0 0 0.00 155.82 79.99
52 127.86 19.80 6.46 0 0
24 0 0 0.00 13.96 7.63
41 0 0 0.00 0 0
22 0 0 0.00 30.80 43.14
50 18.74 5.30 3.54 0 0
5 8.60 1.60 5.38 0 0
23 0 0 0.00 21.65 22.97
57 0 0 0.00 0 0
13 0 0 0.00 0 0
37 0 0 0.00 39.94 45.65
44 0 0 0.00 3.28 19.97
7 40.71 27.41 1.49 0 0
60 0 0 0.00 1.42 6.23
14 0 0 0.00 9.15 12.76
49 101.21 39.97 2.53 0 0
12 0 0 0.00 0 0
39 47.28 8.41 5.62 0 0.22
48 15.78 14.99 1.05 12.94 14.53
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Appendix 1h. Summary of macrophyte data collected from JP In Situ Experiment
in Aug 2005.
Summary of Macrophyte Data Collected From JP In Situ 2005 per m2
Plot# T. la tifo lia  R:S P. pe c tin a tu s  Shoots (g) P. p u s illu s  Shoots (g) Total DW(g)
6 0.00 0 0 137.31
19 0.80 0 0 199.08
45 0.00 0 1.6 1.60
10 0.46 0 0 39.69
56 0.00 0 0 99.97
20 0.51 0 0 76.78
54 0.00 0 0 43.57
8 0.00 0 6.80 12.88
36 0.68 0 0 7.46
55 0.00 0 0 71.14
1 0.55 0.40 0 2.52
26 1.95 0 0 235.81
52 0.00 0 0.27 147.93
24 1.83 0 0 21.59
41 0.00 0 0 1.85
22 0.71 0 0 73.94
50 0.00 0 0 24.04
5 0.00 0 0 10.20
23 0.94 0 0 44.62
57 0.00 0 0 0
13 0.00 0 0 0
37 0.87 0 0 85.59
44 , 0.16 0 0.43 23.68
7 0.00 0 0 95.27
60 0.23 0 0 7.65
14 0.72 0 0 21.91
49 0.00 0 0 141.18
12 0.00 0 0 19.36
39 0.00 0 0 73.16
48 0.89 0 0 58.24
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Appendix 1g. Summary of macrophyte data collected from BP In Situ Experiment in July 2005.
Summary of Raw Macrophyte Data Collected From BP July 2005 per m2
Plot# Depth(cm) DO(mg/L) % Cover # Plants # Species C. la cu s tris  Roots(g)
1 55 0.47 100 12 1 0.000
2 52 0.13 100 30 1 0.121
3 69 0.33 100 *5 1 1.330
4 49 0.39 100 19 2 0.000
5 55 0.28 100 23 1 0.000
P lot# C. la c u s tr is  Shoots(g) C. u tricu la ta  Roots(g) C. u tricu la ta  Shoots(g) Total DW(g)
1 7.770 0.000 0.000 7.770
2 14.758 0.000 0.000 14.879
3 8.173 0.000 0.000 9.503
4 19.751 0.060 13.343 33.155
5 18.735 0.000 0.000 18.735
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Appendix 2-Summary of Invertebrate Data
Appendix 2a. Summary of invertebrate data collected from colonization tiles from 
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 1 3 4 6 7 9 10 11
Install Date 18-Aug-02 01-JUI-02 05-Aug-03 18-Aug-02 05-Aug-03 01-Jul-02 15-Jul-03 05-Aug-03
Base native sand sand syn. coke sun. coke syn.coke sand syn. coke
Top no peat no peat no no no peat
Total Detritus(g) 0.1785 0.4872 0.4339 0.0904 0.3169 0.0180 0.6134 0.1178
Oligochaeta 20 73 7 59 58 4 27 33
N. obscura
H. fusca
H. stagnalis 1 1
M. lucida





Gyralus 6 22 4 5 4 4
Fossaria 3 1 2 7
Stagnicola




Hydrachidnia 5 5 4 6 1 1
Chaoborus 2 7 7 1 13 4 27
Daphnidae 305 127 116 79 137 65 154 142
Macrothrix 8 14 16 4 9 26 10
Diaphanosoma 36 5 14 16 36 4 37 30
Calanoida 7 14 7 4 8 3 20 4
Cyclopoida 32 10 11 10 31 7 37 20
Ostracoda 90 181 184 113 164 57 30 27
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 1 3 4 6 7 9 10 11
Callibaetis 1 2
Centroptilum 2 2 5
Cloeon 1 3 3 2
Baetidae (imm.) 5























Total Abundance 562 625 502 437 564 203 464 368
Total Richness 13 23 24 17 23 15 19 15
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 13 14 15 16 17 18 19 22
Install Date 15-Jul-03 18-Aug-02 01-Jul-02 18-Aug-02 15-Jul-03 05-Aug-03 01-Jul-02 05-Aug-03
Base syn. coke sun. coke sun. coke sand syn. coke native native sun.coke
Top no no no peat peat no no peat
Total Detritus(g) 0.1522 0.0975 0.0947 0.2431 0.2658 0.2847 0.0607 0.3294










Gyralus 4 2 3 2 3 2 3
Fossaria 9 2 5 1 3 13 3 12
Stagnicola




Hydrachidnia 1 2 1 6 4 1 4 3
Chaoborus 1 1 2 4 5 2
Daphnidae 46 187 140 305 55 108 158 104
Macrothrix 23 10 11 2 4
Diaphanosoma 1 36 12 27 1 7 46 7
Calanoida 6 19 18 13 17 9 8
Cyclopoida 15 31 60 36 3 88 241 30
Ostracoda 33 109 43 134 52 68 51 71
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 13 14 15 16 17 18 19 22
Callibaetis 1 2 2
Centroptilum 1 4
Cloeon 10 7 7 2
Baetidae (imm.) 1 1 1 1






Enallagma 2 3 1 1 2
Agraylea















Total Abundance 164 605 418 744 173 463 628 298
Total Richness 16 23 19 20 19 25 16 19
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 23 24 26 28 29 30 31 33
Install Date 18-Aug-02 01-Jul-02 05-Aug-03 01-Jul-02 15-Jul-03 18-Aug-02 05-Aug-03 15-Jul-03
Base native syn. coke native sun. coke sun. coke sun. coke sand sand
Top peat peat peat peat peat peat peat peat
Total Detritus(g) 0.4829 0.0460 0.1417 0.1471 0.0517 0.0932 0.0805 0.1543










Gyralus 1 6 2 3






Hydrachidnia 2 2 1 4
Chaoborus 3 4 2 4
Daphnidae 132 100 269 133 120 69 191 123
Macrothrix 2 13 7 5
Diaphanosoma 36 3 16 14 3 3 2
Calanoida 6 9 1 6 4 7 17 9
Cyclopoida 44 37 100 34 22 10 23 34
Ostracoda 137 28 67 17 26 17 10 41
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 23 24 26 28 29 30 31 33
Callibaetis 3
Centroptilum
Cloeon 2 2 2 4
Baetidae (imm.) 1






Enallagma 2 4 2 5 2 2
Agraylea















Total Abundance 545 273 586 260 243 161 306 323
Total Richness 20 17 20 15 13 15 11 18
239
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 34 35 36 38 39 40 41 43
Install Date 01-Jul-02 18-Aug-02 01-Jul-02 05-Aug-03 18-Aug-02 15-Jul-03 15-Jul-03 18-Aug-02
Base native syn. coke sand syn. coke sand native native sun.coke
Top peat no no no no no no peat
Total Detritus(g) 0.0623 0.0843 0.0117 0.8539 0.2850 0.2067 0.2192 0.0322










Gyralus 1 7 6 1
Fossaria 2 2 1 5 4 6 4
Stagnicola 1




Hydrachidnia 5 9 7 11 2
Chaoborus 1 1
Daphnidae 154 122 431 198 107 76 251 82
Macrothrix 5 3 4 1 9 3
Diaphanosoma 11 7 6 7 2 2 2 1
Calanoida 10 2 14 12 10 30 79 8
Cyclopoida 62 49 36 72 47 11 47 22











Chironomidae 111 163 20 77 122 56 70 51
Empididae
Tipulidae
Diptera Pupa 1 3
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 34 35 36 38 39 40 41 43
Callibaetis 1 1
Centroptilum 2
Cloeon 2 3 2 1
Baetidae (imm.) 1 1 2






Enallagma 1 1 2 1 1 1
Agraylea 1















Total Abundance 507 403 537 486 468 204 574 234
Total Richness 16 14 15 22 25 15 16 20
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 44 45 46 47 49 50 52 53
Install Date 01-Jul-02 05-Aug-03 05-Aug-03 15-Jul-03 01-Jul-02 18-Aug-02 18-Aug-02 01-Jul-02
Base sand sand native sand sun. coke sand native native
Top no peat no peat peat no no peat
Total Detritus(g) 0.0540 0.1266 0.0750 0.0346 0.1032 0.0526 0.0660 0.0352

















Hydrachidnia 6 1 1 6 2
Chaoborus 1 1 3 8 1 1 1
Daphnidae 42 47 283 362 190 305 764 408
Macrothrix 1 4
Diaphanosoma 5 3 5 10 19 40 67
Calanoida 10 21 49 47 27 57 89 86
Cyclopoida 12 24 9 11 28 82 276 129





Haliplus 1 1 1
Peltodytes
Bezzia 3
Culicoides 1 2 2
Dasyhelea
Serromya
Chironomidae 38 16 57 50 77 122 119 71
Empididae
Tipulidae
Diptera Pupa 1 1
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2
Plot# 44 45 46 47 49 50 52 53
Callibaetis 1
Centroptilum
Cloeon 4 5 1 2
Baetidae-lmmature 1 1























Total Abundance 151 155 437 526 377 652 1331 838
Total Richness 13 15 15 12 14 14 13 17
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2
Plot# 54 55 56 57 59 60 62 63
Install Date 05-Aug-03 15-Jul-03 15-Jul-03 01-Jul-02 05-Aug-03 18-Aug-02 18-Aug-02 01-Jul-02
Base sun.coke syn. coke sun. coke syn. coke syn. coke syn. coke native sun. coke
Top no peat no no no peat peat no
Total Detritus(g) 0.1313 2.0852 0.3462 1.5599 0.2000 0.4739 0.1917 0.4630





Hydra 2 2 2
Collembola
Porifera
Armiger crista 1 1
Helosoma
Gyralus 2 1 2 4 2






Hydrachidnia 2 1 3
Chaoborus 8 6 1 3
Daphnidae 324 147 220 165 77 95 517 136
Macrothrix 6 4 4
Diaphanosoma 19 103 39 9 4 45 4
Calanoida 90 73 113 65 39 37 103 56
Cyclopoida 58 45 14 9 18 61 262 23
Ostracoda 46 173 53 8 52 56 67 27










Chironomidae 51 202 58 94 37 231 139 85
Empidldae
Tipulidae 1
Diptera Pupa 1 1 2
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
P lot# 54 55 56 57 59 60 62 63
Callibaetis 1 1
Centroptilum
Cloeon 2 2 2 1 2 4
Baetidae (imm.)
Caenis 5 2 6 8 6
Anax 1





















Total Abundance 618 816 509 399 232 515 1185 369
Total Richness 15 18 16 17 10 13 14 18
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 64 65 66 67 69 70 71 72
Install Date 05-Aug-03 15-Jul-03 15-Jul-03 05-Aug-03 01-Jul-02 18-Aug-02 01-Jul-02 18-Aug-02
Base sand sun.coke native native native sand sand syn. coke
Top no peat peat peat no peat peat no
Total Detritus(g) 0.2786 0.3844 0.0177 0.6510 0.1177 0.5237 0.4660 0.4137










Gyralus 6 2 4 1 7






Hydrachidnia 2 1 1 1 1
Chaoborus 3 2 1 1
Daphnidae 48 287 59 50 91 291 63 160
Macrothrix 13 4 8
Diaphanosoma 23 19 1 24 1 2 9 25
Calanoida 34 53 4 82 52 200 45 79
Cyclopoida 15 84 22 20 30 133 20 58
Ostracoda 66 84 16 175 . 101 336 3 100
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 64 65 66 67 69 70 71 72
Callibaetis 1 5 1
Centroptilum 1 7
Cloeon 1 2 1
Baetidae (imm.) 1























Total Abundance 287 670 141 502 340 1158 170 768
Total Richness 12 20 14 16 14 19 15 22
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 73 75 77 78 79 80 81 82
Install Date 05-Aug-03 15-Jul-03 05-Aug-03 01-Jul-02 18-Aug-02 15-Jul-03 18-Aug-02 01-Jul-02
Base syn. coke syn. coke sun. coke syn. coke sun. coke sand syn. coke sun. coke
Top peat no peat peat no no no no
Total Detritus(g) 0.4675 0.1254 0.1277 0.0675 0.7800 0.0614 0.2510 0.1053










Gyralus 11 1 8 2






Hydrachidnia 6 2 2 2 2 2 12
Chaoborus 8 2 9 1 2 6 7
Daphnidae 387 118 184 96 72 893 110 347
Macrothrix 48 42 6 52 5
Diaphanosoma 48 5 25 9 4 16 8 32
Calanoida 36 21 104 27 13 30 14 22
Cyclopoida 41 33 42 26 68 17 41
Ostracoda 317 166 92 61 234 77 37 186
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 73 75 77 78 79 80 81 82
Callibaetis 7
Centroptilum 5
Cloeon 1 3 2 8 2 7
Baetidae (imm.) 1 3 2






Enallagma 1 2 1 1
Agraylea















Total Abundance 1075 469 557 287 483 1230 265 767
Total Richness 20 18 15 16 18 16 14 20
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 83 84 86 87 88 90 91 92
Install Date 15-Jul-03 05-Aug-03 01-Jul-02 18-Aug-02 15-Jul-03 05-Aug-03 01 -Jul-02 18-Aug-02
Base sand sand native sand native sun. coke syn. coke native
Top no no peat peat no no no peat
Total Detritus(g) 0.1043 0.1090 0.1472 0.1547 0.1613 0.1870 0.0843 0.7042










Gyralus 7 8 1 2 4 4






Hydrachidnia 2 2 5 4 4 2
Chaoborus 7 6 2 2 2 2
Daphnidae 80 107 200 291 223 108 322 177
Macrothrix 33 14 11 12
Diaphanosoma 25 16 8 28 11 42 5
Calanoida 32 8 7 11 16 11 5 20
Cyclopoida 30 20 33 183 55 58 80 114











Chironomidae 100 73 49 64 192 65 214 94
Empididae
Tipulidae
Diptera Pupa 1 1
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 83 84 86 87 88 90 91 92
Callibaetis
Centroptilum 1
Cloeon 5 7 3 1 4
Baetidae (imm.)






Enallagma 3 1 1 1
Agraylea















Total Abundance 387 423 368 626 653 360 732 552
Total Richness 17 16 12 15 17 17 13 17
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 93 94 96 98 99 100 101 102
Install Date 05-Aug-03 15-Jul-03 05-Aug-03 01-Jul-02 18-Aug-02 15-Jul-03 01-Jul-02 05-Aug-03
Base syn. coke syn. coke native sand sun. coke sun. coke syn. coke syn. coke
Top no no no no no no peat peat
Total Detritus(g) 0.4593 0.0429 0.0300 0.3308 0.3484 0.0972 0.4173 0.0570










Gyralus 3 1 21 6 2






Hydrachidnia 5 5 4 34 1 1
Chaoborus 3 8 7 3 5 2
Daphnidae 232 230 155 367 109 114 80 72
Macrothrix 25 5 3 24 21 106 5 12
Diaphanosoma 39 42 25 48 39 10 22 48
Calanoida 25 21 28 12 15 32 33 9
Cyclopoida 31 27 13 42 28 10 36 2
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 93 94 96 98 99 100 101 102
Callibaetis 1 2 1
Centroptilum
Cloeon 77 3 2
Baetidae-lmmature 2 ■ 1
Caenis 2 3 3 5 2 3
An ax 1




Enallagma 2 1 1
Agraylea















Total Abundance 499 442 282 793 483 579 380 284
Total Richness 18 18 16 18 15 17 15 18
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 103 104 106 107 108 109 111 112
Install Date 15-Jul-03 18-Aug-02 01-Jul-02 18-Aug-02 15-Jul-03 05-Aug-03 01-Jul-02 18-Aug-02
Base sand sun. coke sun. coke sand syn. coke sun.coke sand native
Top peat peat peat no peat peat peat no
Total Detritus(g) 0.1469 0.3431 0.2711 0.3022 0.1612 0.4704 0.0232 0.3441





Hydra 4 3 2 14 22 21 6
Collembola 5
Porifera
Armiger crista 2 2
Helosoma
Gyralus 6 2 1 5 13 3






Hydrachidnia 3 1 1 4 5 1
Chaoborus 1 1 2 1 6
Daphnidae 119 28 162 400 262 451 74 223
Macrothrix 44 30 13 153 53 19 9 81
Diaphanosoma 37 6 10 132 25 11 13 26
Calanoida 32 7 17 44 36 11 17 17
Cyclopoida 11 14 31 43 4 30 10 63
Ostracoda 31 86 19 675 117 82 26 308















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 103 104 106 107 108 109 111 112
Callibaetis 1 1
Centroptilum
Cloeon 1 2 1
Baetidae (imm.)






Enallagma 1 1 2 2 1 1
Agraylea















Total Abundance 407 255 336 1596 649 726 181 829
Total Richness 18 19 19 19 21 19 10 14
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 113 115 116 117 118 120
Install Date 15-Jul-03 05-Aug-03 18-Aug-02 01-Jul-02 05-Aug-03 15-Jul-03
Base sun. coke native syn.coke native sand native
Top peat peat peat no peat peat
Total Detritus(g) 0.0629 1.3550 0.0547 0.0492 0.5699 0.3194





Hydra 4 3 1 1 10 6
Collembola 2 1
Porifera
Armiger crista 1 6 1
Helosoma
Gyralus 4 5 2 3 8 13






Hydrachidnia 4 9 9
Chaoborus 9 1 5 2
Daphnidae 95 65 200 400 362 281
Macrothrix 45 2 2 24 4 39
Diaphanosoma 5 2 3 129 11
Calanoida 8 2 12 17 17 11
Cyclopoida 42 62 28 107 129 266
Ostracoda 119 108 22 248 321 339
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Appendix 2a. Summary of invertebrate data collected from colonization tiles from
SWSD In Situ Experiment Aug 20, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 113 115 116 117 118 120
Callibaetis
Centroptilum








Enallagma 1 1 2 2
Agraylea














Terrestrial 1 3 5
Total Abundance 381 347 310 894 1272 1148
Total Richness 17 19 14 18 21 20
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Appendix 2b. Summary of invertebrate data collected from colonization tiles from
TP9 In Situ Experiment Aug 21, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 2 4 5 7 9 10 11 12
Install Date 20-Aug-02 07-Aug-03 07-Aug-03 26-May-03 20-Aug-02 26-May-03 07-Aug-03 26-May-03
Base syn coke sand native native native sand syn coke syn coke
Top no no peat peat no no peat peat





Fossaria 12 5 5 1 11 23 4 3
Physella
Pisaudidae
Hydrozetes 5 2 2
Hydrachidnia 1 1 3
Chydoridae 4 18 7 5 7 5 14
Daphnidae 19 21 4 20 7 17 6 8
Macrothrix 14
Calaroida
Cyclopoida 40 22 42 1 5 10 24 42
Ostracoda 117 394 258 11 100 83 52 77
Hyalella Azteca
Chaoborus 4 5 6 1
Laccornis 1 1
Hygrotus
Halipus 1 1 2
Peltodytes 2 1
Bezzia 4 5 1 1
Culicoides
Dasyhelea




Cloeon 1 4 1
Caenis 1 1
Anax
Enallagma 4 4 1 3 5 5
Oxyethira 1 1










Total Abundance 357 590 419 75 282 311 141 199
Total Richness 12 13 16 9 12 15 10 10
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Appendix 2b. Summary of invertebrate data collected from colonization tiles from
TP9 In Situ Experiment Aug 21, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 13 15 16 17 19 23 25 26
Install Date 07-Aug-03 20-Aug-02 26-May-03 07-Aug-03 20-Aug-02 26-May-03 20-Aug-02 26-May-03
Base sand sand syn coke native native native syn coke native










Hydrachidnia 1 1 1
Chydoridae 4 1 3 4 7 6 1
Daphnidae 28 8 4 15 34 49 30
Macrothrix 1 4 3
Calanoida 4
Cyclopoida 24 6 3 16 17 6 17 13
Ostracoda 167 43 14 352 29 63 19 49
Hyalella Azteca 3
Chaoborus 1 2 1 1
Laccornis 1
Hygrotus










Caenis 1 1 1 2
An ax 1












Total Abundance 276 111 50 439 178 213 121 114
Total Richness 14 11 10 15 10 10 8 12
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Appendix 2b. Summary of invertebrate data collected from colonization tiles from
TP9 In Situ Experiment Aug 21, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 27 30 31 32 33 38 42 43
Install Date 20-Aug-02 07-Aug-03 20-Aug-02 26-May-03 07-Aug-03 20-Aug-02 07-Aug-03 07-Auq-03
Base sand syn coke native syn coke syn coke sand native sand










Hydrachidnia 1 2 1 1
Chydoridae 11 1 3 4 1
Daphnidae 49 19 3 5 18 13 5 4
Macrothrix 11
Calanoida 1
Cyclopoida 11 18 1 4 84 3 35 9
Ostracoda 12 70 2 6 61 45 92 63
Hyalella Azteca 1



























Total Abundance 261 147 26 33 326 109 202 184
Total Richness 13 12 8 11 8 9 10 14
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Appendix 2b. Summary of invertebrate data collected from colonization tiles from
TP9 In Situ Experiment Aug 21, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 44 46 47 48 50 51 53 54
Install Date 20-Aug-02 26-May-03 20-Aug-02 26-May-03 07-Aug-03 26-May-03 26-May-03 20-Aug-02
Base syn coke sand native sand sand sand syn coke syn coke










Hydrachidnia 1 3 4
Chydoridae 11 7 1 3 5
Daphnidae 16 19 8 9 7 5 14 2
Macrothrix
Calanoida 3
Cyclopoida 32 11 6 8 11 87 10
Ostracoda 26 67 32 30 37 9 82 242
Hyalella Azteca 1






Culicoides 1 1 2 3
Dasyhela
Chironomidae 87 109 26 27 27 17 435 170






Enallagma 6 14 2 2 7 9 15
Oxyethira









Terrestrial 1 1 3 10 1
Total Abundance 206 301 89 83 105 51 716 461
Total Richness 10 12 15 10 13 9 19 12
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Appendix 2b. Summary of invertebrate data collected from colonization tiles from
TP9 In Situ Experiment Aug 21, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
Plot# 66 70 71 72 73 74 77 78
Install Date 20-Aug-02 07-Aug-03 26-May-03 07-Aug-03 07-Aug-03 20-Aug-02 20-Aug-02 07-Aug-03
Base syn coke sand native syn coke syn coke native syn coke sand





Gyraulus 1 4 2




Hydrachidnla 1 1 1
Chydoridae 2 2
Daphnidae 12 5 3 5 4 9 4
Macrothrix
Calanoida
Cyclopoida 6 24 2 14 39 12 14
Ostracoda 22 123 40 45 137 22 526
Hyalella Azteca








Chironomidae 46 90 87 54 72 66 1 69




Caenis 1 1 1
Anax











Terrestrial 9 7 4 1 1
Total Abundance 144 256 183 138 276 142 2 638
Total Richness 15 9 13 12 12 11 2 12
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Appendix 2b. Summary of invertebrate data collected from colonization tiles from
TP9 In Situ Experiment Aug 21, 2003.
Summary of Raw Invertebrate Data per Colonization Tile (313cm2)
P lot# 79 84 85 88 89 90
Install Date 26-May-03 26-May-03 20-Aug-02 07-Aug-03 20-Aug-02 26-May-03
Base syn coke native native native sand sand
Top peat no no peat no no









Hydrachidnia 1 1 1
Chydoridae 4 8
Daphnidae 28 3 15 23 5
Macrothrix
Calanoida 1
Cyclopoida 5 49 6 13 49 6
Ostracoda 49 160 92 1087 858 161
Hyalella Azteca













Caenis 6 2 1
Anax












Total Abundance 218 489 270 1182 1099 200
Total Richness 11 15 8 11 14 8
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Appendix 2c. Summary of invertebrate data collected from colonization tiles from
JP In Situ Experiment Aug 22, 2003.
Summary of Raw Invertebrate Data Per Colonization Tile (313cm2)
Plot# 2 4 5 7 8 9 10 11
Install Date 22-Aug-02 16-JUI-03 22-Aug-02 09-Aug-03 22-Aug-02 09-Aug-03 09-Aug-03 16-Jul-03
Base native sand sun coke sun coke sand native sand native
Top no no no peat peat no peat peat







Hydrachidnia 1 2 2
Hyalella azteca 1
Chydoridae 23 2 17 8 13 6 2
Daphnidae 70 42 99 40 67 29 22 15
Cyclopoida 27 12 43 26 52 22 23 11
Ostracoda 31 6 33 5 8 10 3 15
Dasyhelea 1 6 5 6 4 3 3
Chaoborus 17 22 4 3 16 2 1
Chironomidae 271 48 347 131 286 193 68 207

















Corixidae (imm.) 1 1
Notonecta
Terrestrial 4 1 2 3 2 4
Total Abundance 464 142 578 227 437 294 130 267
Total Richness 15 10 15 13 12 11 10 10
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Appendix 2c. Summary of invertebrate data collected from colonization tiles from
JP In Situ Experiment Aug 22, 2003.
Summary of Raw Invertebrate Data Per Colonization Tile (313cm2)
Plot# 12 14 15 20 22 23 24 25
Install Date 22-Aug-02 16-Jul-03 22-Aug-02 16-Jul-03 16-Jul-03 22-Aug-02 09-Aug-03 09-Aug-03
Base sun coke sun coke native sand sun coke sun coke sun coke sand
Top peat peat peat peat no no no no









Chydoridae 8 9 7 2 8 5
Daphnidae 29 20 41 52 16 96 1 16
Cyclopoida 10 20 52 25 14 23 2 27
Ostracoda 5 1 13 8 4 2
Dasyhelea 1 5 6 54 5 6
Chaoborus 1 3 6 5
Chironomidae 43 56 198 36 38 167 28 40



















Terrestrial 4 1 3 1 1 1
Total Abundance 109 108 332 149 77 366 37 102
Total Richness 13 9 11 12 7 12 6 9
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Appendix 2c. Summary of invertebrate data collected from colonization tiles from
JP In Situ Experiment Aug 22, 2003.
Summary of Raw Invertebrate Data Per Colonization Tile (313cm2)
Plot# 27 28 29 31 33 34 35 36
Install Date 22-Aug-02 22-Aug-02 16-Jul-03 09-Aug-03 09-Aug-03 22-Aug-02 16-Jul-03 22-Aug-02
Base native sand native native native native sand sand
Top peat no no peat no no no peat









Chydoridae 2 3 5 2 1 44
Daphnidae 3 1 3 2 42 2 2 147
Cyclopoida 12 7 11 9 15 11 8 108
Ostracoda 4 3 2 5 7 7 1 4
Dasyhelea 4 23 3 33 76 25 9 94
Chaoborus 6 4
Chironomidae 34 49 39 92 240 ' 5 24 510



















Terrestrial 3 2 1 1 1 4
Total Abundance 64 91 69 149 390 51 48 936
Total Richness 10 10 10 11 8 7 9 11
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Appendix 2c. Summary of invertebrate data collected from colonization tiles from
JP In Situ Experiment Aug 22, 2003.
Summary of Raw Invertebrate Data Per Colonization Tile (313cm2)
Plot# 38 41 42 46 47 48 49 50
Install Date 16-Jul-03 09-Aug-03 09-Aug-03 22-Aug-02 09-Aug-03 22-Aug-02 16-Jul-03 16-Jul-03
Base native sun coke sand sand native sun coke sun coke sun coke
Top peat no no no peat peat peat no









Chydoridae 5 10 7 9 1 11 3
Daphnidae 7 37 10 5 6 3 2 450
Cyclopoida 8 202 4 10 10 8 1 9
Ostracoda 6 28 6 16 14
Dasyhelea 4 215 37 114 9 52 1 1
Chaoborus 1 3 1 2
Chironomidae 50 40 26 97 33 62 50 76



















Terrestrial 2 3 1 1 2
Total Abundance 79 516 95 273 66 159 55 559
Total Richness 7 11 9 11 8 11 6 11
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Appendix 2c. Summary of invertebrate data collected from colonization tiles from
JP In Situ Experiment Aug 22, 2003.
Summary of Raw Invertebrate Data Per Colonization Tile (313cm2)
Plot# 51 54 56 60
Install Date 16-Jul-03 16-Jul-03 09-Aug-03 09-Aug-03
Base native sand sand sun coke
Top no peat peat peat









Chydoridae 21 9 7 13
Daphnidae 77 13 64
Cyclopoida 54 7 11 11
Ostracoda 13 7 12 15
Dasyhelea 1 1 2
Chaoborus 1
Chironomidae 24 47 59 59



















Terrestrial 12 13 11 1
Total Abundance 213 101 167 107
Total Richness 12 10 10 9
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Appendix 3-Sediment Pore Water Chemical Data 
Appendix 3a. Summary of sediment pore-water chemical parameters from core samples collected in September 2005.
Summary of Raw Sediment Pore-Water Chemical Parameters
Wetland Base Middle/Top Base-DO(mg/L) Base-pH Base-Eh(pS/cm) Top-DO(mg/L) Top-pH Top-Eh(pS/cm)
SWSD MFT syn coke 0.72 7.033 -20.5 9.79 7.729 -228.8
SWSD CT syn coke 0.94 7.467 -146.1 2.14 7.356 -27.5
SWSD native other (native) 0.15 8.386 -230.4 13.13 7.83 -160.1
SWSD MFT other (MFT) 0.46 7.395 -181 1.23 7.741 -129.5
SWSD MFT other (MFT) 0.48 7.026 -102.6 0.52 7.258 -46.1
SWSD CT syn coke 11.68 7.571 -63.7 11.78 8.279 -72.8
SWSD native other (native) 9.74 7.897 -242.2 0.86 7.587 -58.1
SWSD MFT syn coke 17.73 7.05 -78.3 12.79 7.199 -47.2
SWSD CT other (CT) 1.31 7.997 -160.9 0.25 7.944 -177.5
SWSD native syn coke 9.72 7.753 -93.9 9.62 7.733 -93.3
SWSD CT other (CT) 3.13 7.792 19.5 1.78 7.787 483.6
SWSD native syn coke 11.97 7.546 -140.1 12.82 6.981 -100.3
BP reference reference 0.21 7.095 -98.6 0.69 7.162 -43.1
BP reference reference 0.79 7.086 -38.3 0.16 7.228 73.4
BP reference reference 0.34 6.82 -121.4 0.40 7.184 -100.4
BP reference reference 0.55 6.89 25.9 0.37 7.204 89.1
BP reference reference 1.00 6.978 -88.4 0.05 6.69 -202.7
use neg reference neg refeference 2.77 7.671 -85.1 2.76 7.484 -79.7
use neg reference neg refeference 0.94 7.666 -182.5 2.07 7.766 -188.3
use neg reference neg refeference 10.56 7.794 -79.5 9.66 7.823 -201.4


















Appendix 3b. Summary of sediment pore-water elemental concentrations from samples collected in September 2005, as
analysed by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary of Sediment Pore-Water Element Concentrations (mg/L)
Wetland Position in Core T reatment As Ba Bi Ca Cd Co Cr Cs Cu Fe Ga K
Detection Limits (mg/L) 0.0009 0.0000 0.0000 0.07 0.0000 0.0000 0.0323 0.0001 0.0005 0.0449 0.0002 0.23
Blank 0.0013 0.0015 0.0000 19.58 0.0001 0.0002 BDL BDL 0.0011 0.3388 0.0005 BDL
Blank 0.0015 0.0002 BDL BDL 0.0000 BDL 0.0373 BDL BDL BDL BDL BDL
Blank 0.0015 0.0001 BDL BDL 0.0000 BDL 0.0356 BDL BDL BDL BDL BDL
BP Bottom Reference 0.0060 0.0559 0.0000 69.15 0.0001 0.0007 BDL 0.0001 0.0022 3.5955 0.0075 5.25
BP Bottom Reference 0.0048 0.0493 0.0000 70.52 0.0000 0.0005 BDL BDL 0.0015 1.2471 0.0063 5.55
BP Bottom Reference 0.0071 0.1177 0.0000 83.83 0.0001 0.0014 BDL 0.0001 0.0021 5.2926 0.0152 76.24
BP Bottom Reference 0.0056 0.0653 BDL 50.07 0.0001 0.0005 BDL 0.0001 0.0010 1.4175 0.0086 4.04
BP Bottom Reference 0.0079 0.0514 0.0000 64.03 0.0001 0.0021 BDL 0.0001 0.0043 5.0536 0.0065 178.85
BP Top/Middle Reference 0.0112 0.0578 0.0000 87.80 0.0000 0.0005 BDL 0.0005 0.0029 1.3266 0.0075 42.57
BP Top/Middle Reference 0.0039 0.0492 0.0000 65.49 0.0001 0.0004 BDL 0.0001 0.0006 0.7568 0.0066 7.39
BP Top/Middle Reference 0.0053 0.0774 0.0000 85.47 0.0000 0.0009 BDL 0.0001 0.0008 1.0182 0.0099 10.01
BP Top/Middle Reference 0.0110 0.2473 0.0000 317.07 0.0002 0.0023 BDL 0.0001 0.0043 6.3483 0.0305 490.21
BP Top/Middle Reference 0.0043 0.0241 0.0000 27.18 0.0001 0.0011 BDL 0.0001 0.0017 0.7615 0.0035 1.17
use Bottom Neg Reference 0.0160 0.0557 0.0000 23.29 0.0002 0.0005 BDL 0.0001 0.0047 0.2814 0.0077 20.14
use Bottom Neg Reference 0.0035 0.0664 BDL 48.63 BDL 0.0008 BDL BDL 0.0011 0.4709 0.0090 4.17
use Bottom Neg Reference 0.0018 0.0245 BDL 22.81 0.0002 0.0002 0.0394 BDL 0.0031 0.1616 0.0036 7.65
use Bottom Neg Reference 0.0032 0.0251 0.0000 16.86 0.0001 0.0006 BDL 0.0001 0.0020 0.3384 0.0036 3.04
use Top/Middle Neg Reference 0.2589 0.1973 0.0002 51.40 0.0009 0.0015 BDL 0.0009 0.0505 1.2786 0.0266 1930.55
use Top/Middle Neg Reference 0.0046 0.0445 0.0000 29.95 0.0001 0.0006 BDL 0.0001 0.0041 0.3028 0.0062 f 6.38
use Top/Middle Neg Reference 0.0614 0.1195 0.0001 37.07 0.0011 0.0009 BDL 0.0008 0.0335 0.6210 0.0168 145.67


















Appendix 3b. Summary of sediment pore-water elemental concentrations from samples collected in September 2005, as
analysed by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary o f Sediment Pore-Water Element Concentrations (mg/L)
Wetland Position in Core Treatment La Mg Mn Mo Na Ni Pb Rb Sr V Y Zn
Detection Limits (mg/L) 0.0000 0.01 0.0002 0.0000 0.48 0.0017 0.0001 0.0001 0.0006 0.0290 0.0000 0.0003
Blank 0.0001 0.43 0.0055 0.0001 0.51 0.0039 0.0005 BDL 0.0134 BDL 0.0002 0.0077
Blank BDL BDL BDL 0.0001 BDL BDL 0.0002 BDL BDL BDL BDL 0.0022
Blank BDL BDL BDL BDL BDL BDL 0.0004 BDL BDL BDL BDL 0.0018
BP Bottom Reference 0.0004 29.69 1.0660 0.0009 92.33 0.0057 0.0010 0.0020 0.3883 BDL 0.0004 0.0132
BP Bottom Reference 0.0001 36.91 1.2066 0.0006 102.43 0.0029 0.0006 0.0010 0.3859 BDL 0.0001 0.0081
BP Bottom Reference 0.0002 36.86 1.2250 0.0009 115.33 0.0044 0.0006 0.0049 0.4848 BDL 0.0002 0.0394
BP Bottom Reference 0.0002 21.72 0.8811 0.0016 77.21 0.0029 0.0055 0.0013 0.2975 BDL 0.0002 0.0233
BP Bottom Reference 0.0007 30.02 1.1077 0.0009 63.17 0.0058 0.0062 0.0087 0.4029 BDL 0.0005 0.0230
BP Top/Middle Reference 0.0002 39.07 1.2624 0.0021 120.45 0.0049 0.0009 0.0035 0.4685 BDL 0.0002 0.0216
BP Top/Middle Reference 0.0000 33.04 0.7195 0.0010 78.23 0.0023 0.0003 0.0015 0.3696 BDL 0.0001 0.0090
BP Top/Middle Reference 0.0001 45.19 1.0770 0.0012 142.24 0.0030 0.0002 0.0022 0.4637 BDL 0.0001 0.0098
BP Top/Middle Reference 0.0001 101.98 4.6028 0.0018 51.79 0.0077 0.0066 0.0231 1.5664 BDL 0.0001 0.0274
BP Top/Middle Reference 0.0006 12.29 0.4067 0.0047 55.79 0.0044 0.0009 0.0013 0.1689 BDL 0.0004 0.0103
use Bottom Neg Reference 0.0000 5.74 0.0794 0.0061 35.54 0.0081 0.0070 0.0061 0.2212 0.0382 0.0000 0.0422
use Bottom Neg Reference BDL 9.90 0.4311 0.0097 53.90 0.0065 0.0003 0.0028 0.4367 BDL 0.0000 0.0059
use Bottom Neg Reference BDL 6.65 0.0380 0.0032 45.10 BDL 0.0011 0.0043 0.1737 BDL 0.0000 0.0501
use Bottom Neg Reference 0.0002 3.63 0.0683 0.0033 11.36 0.0027 0.0020 0.0017 0.1387 BDL 0.0001 0.0116
use Top/Middle Neg Reference 0.0003 8.44 0.0829 0.0162 17.99 0.0130 0.0104 0.0695 0.4915 BDL 0.0002 0.4097
use Top/Middle Neg Reference 0.0001 6.95 0.2310 0.0084 38.20 0.0073 0.0007 0.0019 0.2738 BDL 0.0000 0.0153
use Top/Middle Neg Reference 0.0001 8.76 0.0689 0.0062 52.82 0.0179 0.0212 0.0106 0.3349 BDL 0.0001 0.1601


















Appendix 3b. Summary of sediment pore-water elemental concentrations from samples collected in September 2005, as
analysed by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary of Sediment Pore-Water Element Concentrations (mg/L)
Wetland Position in Core Treatment As Ba Bi Ca Cd Co Cr Cs Cu Fe Ga K
SWSD Bottom CT 0.0063 0.1213 0.0000 24.83 0.0001 0.0002 BDL 0.0001 0.0013 0.2654 0.0160 13.40
SWSD Bottom CT 0.0055 0.2331 0.0000 40.69 0.0001 0.0002 BDL 0.0001 0.0008 0.3858 0.0300 15.45
SWSD Bottom CT 0.0075 0.1630 BDL 56.21 0.0000 0.0003 BDL BDL 0.0006 0.5126 0.0211 5.64
SWSD Bottom CT 0.0108 0.1491 0.0000 19.88 0.0003 0.0015 BDL 0.0001 0.0056 0.3075 0.0194 9.90
SWSD Bottom MFT 0.0052 0.2800 BDL 53.44 0.0001 0.0020 BDL 0.0001 0.0006 0.6408 0.0362 9.77
SWSD Bottom MFT 0.0093 0.0770 BDL 34.73 0.0001 0.0012 BDL BDL 0.0007 1.0252 0.0098 5.74
SWSD Bottom MFT 0.0117 0.1521 BDL 21.75 0.0001 0.0005 BDL 0.0001 0.0013 0.2170 0.0195 6.30
SWSD Bottom MFT 0.0214 0.1547 BDL 33.59 0.0000 0.0004 BDL 0.0001 BDL 0.3025 0.0196 9.50
SWSD Bottom Native 0.2502 0.0441 BDL 31.16 0.0000 0.0002 BDL BDL 0.0008 0.3138 0.0060 51.65
SWSD Bottom Native 0.0116 0.0576 0.0000 44.79 0.0000 0.0009 BDL BDL 0.0010 0.5457 0.0076 3.48
SWSD Bottom Native 0.0084 0.0711 BDL 56.13 0.0001 0.0007 0.0197 BDL 0.0012 0.5434 0.0094 9.54
SWSD Bottom Native 0.0221 0.0810 0.0001 8.54 0.0005 0.0014 BDL 0.0002 0.0089 0.3649 0.0107 26.83
SWSD Top/Middle Other (CT) 0.0078 0.0440 0.0000 27.15 0.0001 0.0002 BDL BDL 0.0011 0.3379 0.0061 6.41
SWSD Top/Middle Other (CT) 0.0544 0.1091 0.0000 23.22 0.0003 0.0010 BDL 0.0001 0.0144 0.4577 0.0140 7.30
SWSD Top/Middle Other (MFT) 0.0075 0.0498 0.0000 27.35 0.0001 0.0005 BDL 0.0001 0.0016 0.4561 0.0067 6.72
SWSD Top/Middle Other (MFT) 0.0067 0.1088 BDL 25.58 0.0001 0.0003 BDL 0.0001 BDL 0.2447 0.0144 5.20
SWSD Top/Middle Other (Native) 0.0153 0.1065 0.0000 24.77 0.0002 0.0014 BDL 0.0001 0.0026 0.2507 0.0144 11.57
SWSD Top/Middle Other (Native) 0.0085 0.0894 0.0000 48.31 0.0001 0.0008 BDL BDL 0.0023 0.4522 0.0117 7.87
SWSD Top/Middle Syn Coke 0.0048 0.0515 BDL 31.90 0.0001 0.0005 BDL BDL 0.0012 0.3554 0.0070 8.40
SWSD Top/Middle Syn Coke 0.0066 0.0540 0.0000 34.73 0.0001 0.0006 BDL BDL 0.0012 0.3545 0.0074 3.92
SWSD Top/Middle Syn Coke 0.0353 0.0635 0.0000 36.80 0.0007 0.0007 BDL 0.0001 0.0085 0.5426 0.0088 8.63
SWSD Top/Middle Syn Coke 0.0100 0.0097 0.0000 9.62 0.0001 0.0001 BDL BDL 0.0018 0.1054 0.0014 4.13
SWSD Top/Middle Syn Coke 0.0163 0.0839 0.0000 59.83 0.0001 0.0003 BDL BDL 0.0012 0.5889 0.0111 9.96


















Appendix 3b. Summary of sediment pore-water elemental concentrations from samples collected in September 2005, as
analysed by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary of Sediment Pore-Water Element Concentrations (mg/L)
Wetland Position in Core Treatment La Mg Mn Mo Na Ni Pb Rb Sr V Y Zn
SWSD Bottom CT 0.0000 11.40 0.0773 0.0104 75.01 0.0019 0.0047 0.0062 0.3400 BDL 0.0000 0.0091
SWSD Bottom CT BDL 17.42 0.1159 0.0392 65.81 0.0019 0.0023 0.0049 0.6836 BDL 0.0000 0.0081
SWSD Bottom CT BDL 27.62 0.3810 0.0196 73.62 0.0067 0.0006 0.0030 0.6282 BDL 0.0000 0.0065
SWSD Bottom CT 0.0005 9.45 0.0550 0.0116 209.18 0.0038 0.0138 0.0070 0.3835 BDL 0.0003 0.0242
SWSD Bottom MFT 0.0000 25.92 0.4146 0.0513 93.28 0.0178 0.0005 0.0069 0.9223 BDL 0.0001 0.0071
SWSD Bottom MFT 0.0001 16.26 0.2710 0.0034 61.31 0.0037 0.0013 0.0003 0.2600 BDL 0.0002 0.0111
SWSD Bottom MFT 0.0000 12.96 0.0944 0.0112 149.81 0.0029 0.0015 0.0056 0.3957 BDL 0.0001 0.0144
SWSD Bottom MFT BDL 17.74 0.3078 0.0046 163.60 0.0029 0.0004 0.0057 0.5450 BDL 0.0000 0.0225
SWSD Bottom Native BDL 14.78 0.4253 0.0082 22.04 BDL 0.0010 0.0023 0.1960 BDL 0.0000 0.0155
SWSD Bottom Native 0.0002 21.63 0.5813 0.0048 64.07 0.0027 0.0009 0.0004 0.2971 BDL 0.0002 0.0061
SWSD Bottom Native 0.0000 29.25 1.3046 0.0026 53.17 0.0045 0.0011 0.0007 0.3278 BDL 0.0001 0.0071
SWSD Bottom Native 0.0002 4.44 0.0203 0.0885 163.88 0.0061 0.0246 0.0182 0.1924 BDL 0.0001 0.4530
SWSD Top/Middle Other (CT) 0.0006 13.69 0.2061 0.0057 16.16 0.0023 0.0009 0.0013 0.1965 BDL 0.0002 0.0278
SWSD Top/Middle Other (CT) 0.0007 16.13 0.0970 0.0069 107.93 0.0078 0.1079 0.0047 0.3317 BDL 0.0004 0.0655
SWSD Top/Middle Other (MFT) 0.0003 14.66 0.2557 0.0032 29.16 0.0031 0.0011 0.0004 0.2046 BDL 0.0002 0.0099
SWSD Top/Middle Other (MFT) BDL 19.76 0.1512 0.0061 68.55 0.0033 0.0003 0.0034 0.3258 BDL 0.0000 0.0089
SWSD Top/Middle Other (Native) BDL 13.38 0.0871 0.0549 43.38 0.0030 0.0017 0.0063 0.3180 BDL 0.0000 0.0427
SWSD Top/Middle Other (Native) 0.0002 29.02 0.3355 0.0096 47.63 0.0080 0.0014 0.0011 0.3437 BDL 0.0001 0.0157
SWSD Top/Middle Syn Coke 0.0000 15.70 0.4633 0.0093 23.47 0.0040 0.0010 0.0007 0.2107 BDL 0.0001 0.0511
SWSD Top/Middle Syn Coke 0.0001 19.28 ' 0.5702 0.0219 11.68 0.0097 0.0009 0.0011 0.2508 BDL 0.0001 0.0094
SWSD Top/Middle Syn Coke 0.0001 11.30 0.1316 0.0216 11.23 0.0236 0.0033 0.0038 0.2552 0.3282 0.0000 0.0534
SWSD Top/Middle Syn Coke 0.0000 18.40 0.0033 0.0024 14.17 0.0029 0.0009 0.0004 0.0819 BDL 0.0000 0.0645
SWSD Top/Middle Syn Coke 0.0000 23.11 0.1165 0.0056 34.51 0.0060 0.0009 0.0018 0.3746 BDL 0.0001 0.0113


















Appendix 3c. Summary of elemental concentrations from macrophyte samples collected in September 2005, as analysed
by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary of Macrophyte Tissue Element Concentrations (mg/L)
Wetland Species Tissues Treatment As Ba Bi Ca Cd Co Cr Cs Cu Fe Ga K
Detection Limits (mg/L) 0.04 0.00 0.00 6.28 0.00 0.00 0.05 0.00 0.03 3.26 0.01 22.12
SWSD Chara vulgaris Shoots CT-Coke 0.24 54.87 0.00 85992.35 0.02 0.26 0.79 0.03 1.79 874.67 7.04 200.28
SWSD Chara vulgaris Shoots CT-Coke 0.24 69.21 0.01 105447.87 0.13 0.36 0.99 0.03 0.97 917.22 8.74 162.62
SWSD Chara vulgaris Shoots CT-Other 0.35 49.41 0.01 57967.66 0.02 0.40 1.61 0.08 1.79 1037.42 6.15 362.16
SWSD Chara vulgaris Shoots CT-Other 0.41 78.26 0.01 87548.85 0.02 0.38 1.57 0.07 1.21 1440.93 10.45 272.05
SWSD Chara vulgaris Shoots MFT-Coke 0.30 60.19 0.00 68898.29 0.03 0.28 1.19 0.06 1.12 956.66 7.51 365.94
SWSD Chara vulgaris Shoots MFT-Coke 0.16 52.10 0.00 71331.58 0.02 0.19 0.72 0.03 4.65 779.09 6.94 114.80
SWSD Chara vulgaris Shoots MFT-Other 0.15 49.31 0.02 51944.71 0.23 0.13 1.78 0.01 0.60 496.19 6.53 70.35
SWSD Chara vulgaris Shoots MFT-Other 0.28 58.32 0.00 63385.27 0.03 0.34 3.53 0.06 2.09 931.54 7.87 243.50
SWSD Chara vulgaris Shoots Native-Coke 0.42 83.92 0.01 85259.11 0.06 0.36 1.44 0.06 1.17 1136.38 10.40 1013.15
SWSD Chara vulgaris Shoots Native-Coke 0.22 54.77 0.00 54893.40 0.01 0.21 1.24 0.05 2.84 743.87 7.52 326.76
SWSD Chara vulgaris Shoots Native-Other 0.21 51.25 0.00 45489.53 0.02 0.15 0.55 0.02 0.78 605.75 6.78 305.30
SWSD Chara vulgaris Shoots Native-Other 0.32 49.78 0.01 60409.71 0.02 0.36 1.26 0.06 2.08 888.03 6.94 327.30
BP Carex pseudocyperus Shoots Reference BDL 6.73 l 0.06 1319.93 0.03 0.07 0.82 0.00 1.34 48.79 0.93 7402.52
BP Carex pseudocyperus Shoots Reference 0.05 2.48 0.10 1671.95 0.02 0.12 0.58 0.01 1.27 57.09 0.35 8437.13
BP Carex pseudocyperus Shoots Reference BDL 6.80 0.05 735.37 0.01 0.16 0.31 0.00 0.58 53.53 0.94 8752.13
BP Carex pseudocyperus Shoots Reference 0.06 0.98 0.03 242.57 0.01 0.01 0.22 0.00 0.70 25.76 0.14 3542.15
BP Carex pseudocyperus Shoots Reference BDL 1.45 0.03 618.76 0.01 0.03 0.24 0.00 0.93 29.59 0.21 3618.11
BP Carex pseudocyperus Roots Reference 0.17 2.79 0.01 491.62 0.02 0.51 0.89 0.04 1.12 1303.93 0.66 183.89
BP Carex pseudocyperus Roots Reference 0.25 12.05 0.02 1241.74 0.13 0.99 0.41 0.02 1.02 1981.61 1.69 846.96
BP Carex urtriculata Shoots Reference 0.05 7.67 0.05 2148.61 0.01 0.05 0.26 0.01 0.48 59.90 1.03 4489.97
BP Carex urtriculata Roots Reference 0.06 3.61 0.02 516.88 0.01 0.31 0.64 0.03 0.57 734.92 0.63 1895.38
use Carex spp. Shoots Neg Reference BDL 4.87 0.10 1910.48 0.02 0.04 0.33 0.01 1.79 51.01 0.67 7941.93
use Carex spp. Roots Neg Reference BDL 1.75 0.16 316.93 0.02 0.31 1.07 0.01 0.87 59.14 0.30 1833.73
use Typha latifolia Shoots Neg Reference BDL 3.71 0.09 2624.09 0.01 0.02 0.31 0.00 1.34 43.83 0.50 3849.53
use Typha latifolia Roots Neg Reference 0.27 3.01 0.07 596.02 0.01 0.46 0.36 0.01 0.36 1017.13 0.46 605.16
use Glyceria borealis Shoots Neg Reference BDL 26.26 0.61 909.19 0.01 0.19 0.42 0.01 1.63 50.52 3.49 3550.94
use Glyceria borealis Roots Neg Reference BDL 4.65 0.46 248.05 0.04 0.64 0.71 0.03 1.57 121.96 0.78 979.71
use Triglochin maritima Shoots Neg Reference BDL 3.06 0.08 1291.85 0.01 0.01 0.16 BDL 0.59 22.17 0.41 2113.58


















Appendix 3c. Summary of elemental concentrations from macrophyte samples collected in September 2005, as analysed
by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary of Sediment Pore-Water Element Concentrations (mg/L)
Wetland Species Tissues Treatment La Mg Mn Mo Na Ni Pb Rb Sr V Y Zn
Detection Limits (mg/L) 0.00 0.41 0.04 0.00 16.52 0.22 0.00 0.01 0.00 1.12 0.00 0.02
SWSD Chara vulgaris Shoots CT-Coke 0.40 3169.27 245.95 0.04 173.28 1.16 0.18 0.59 311.82 3.54 0.45 1.46
SWSD Chara vulgaris Shoots CT-Coke 0.46 3477.89 197.92 0.04 199.87 1.31 0.21 0.62 369.60 1.49 0.57 1.64
SWSD Chara vulgaris Shoots CT-Other 0.88 2480.54 170.96 0.08 177.51 1.57 0.39 1.47 292.91 3.47 0.55 2.21
SWSD Chara vulgaris Shoots CT-Other 0.97 3992.88 339.94 0.05 173.96 1.37 0.38 1.34 391.45 3.15 0.81 2.21
SWSD Chara vulgaris Shoots MFT-Coke 0.61 2917.06 158.22 0.10 222.75 1.48 0.25 1.06 406.29 4.13 0.47 2.30
SWSD Chara vulgaris Shoots MFT-Coke 0.35 2551.17 179.41 0.06 131.86 1.16 0.25 0.44 285.85 2.04 0.42 1.98
SWSD Chara vulgaris Shoots MFT-Other 0.18 2248.76 133.76 0.02 143.28 1.03 0.08 0.23 272.95 BDL 0.22 1.39
SWSD Chara vulgaris Shoots MFT-Other 0.68 2749.08 215.63 0.07 156.03 2.81 0.34 1.06 309.77 2.38 0.61 2.00
SWSD Chara vulgaris Shoots Native-Coke 0.69 3913.48 177.68 0.18 401.47 2.78 0.31 1.18 598.47 5.33 0.50 3.15
SWSD Chara vulgaris Shoots Native-Coke 0.57 2488.05 200.17 0.07 185.50 1.23 0.24 0.84 367.55 2.13 0.42 2.58
SWSD Chara vulgaris Shoots Native-Other 0.24 2075.03 206.93 0.06 352.66 0.84 0.14 JD.29 360.00 BDL 0.24 1.47
SWSD Chara vulgaris Shoots Native-Other 0.72 2711.36 184.09 0.05 190.04 1.29 0.32 1.06 288.05 2.24 0.54 1.95
BP Carex pseudocyperus Shoots Reference 0.01 442.87 103.51 0.17 808.93 0.52 0.05 1.05 6.49 BDL 0.01 4.28
BP Carex pseudocyperus Shoots Reference 0.02 566.08 59.57 0.13 584.40 0.82 0.05 7.18 4.94 BDL 0.01 4.46
BP Carex pseudocyperus Shoots Reference 0.01 419.63 477.38 0.06 522.83 0.37 0.04 2.11 3.69 BDL 0.01 2.77
BP Carex pseudocyperus Shoots Reference 0.01 238.95 29.55 0.03 548.22 0.25 0.04 6.32 1.49 BDL 0.00 1.89
BP Carex pseudocyperus Shoots Reference 0.01 252.70 15.93 0.10 592.48 0.24 0.04 0.83 2.30 BDL 0.01 2.29
BP Carex pseudocyperus Roots Reference 0.39 180.79 17.40 0.23 68.51 1.38 0.19 0.77 3.32 2.21 0.26 3.63
BP Carex pseudocyperus Roots Reference 0.15 509.08 39.22 0.13 2159.56 0.69 0.22 1.09 7.87 1.80 0.11 5.60
BP Carex urtriculata Shoots Reference 0.02 708.27 220.65 0.04 820.94 0.29 0.05 3.21 9.63 BDL 0.01 2.20
BP Carex urtriculata Roots Reference 0.23 450.09 25.36 0.08 744.64 0.71 0.13 3.89 3.23 1.38 0.15 3.70
use Carex spp. Shoots Neg Reference 0.03 615.29 117.37 0.40 1844.75 1.03 0.06 2.08 15.86 BDL 0.02 9.00
use Carex spp. Roots Neg Reference 0.06 193.13 29.64 0.25 877.03 1.38 0.08 0.80 3.79 2.19 0.04 3.03
use Typha latifolia Shoots Neg Reference 0.02 580.78 460.54 1.34 629.30 1.03 0.03 0.83 32.71 BDL 0.01 3.70
use Typha latifolia Roots Neg Reference 0.13 199.56 21.58 0.67 1917.40 1.15 0.11 0.32 11.32 4.19 0.10 1.51
use Glyceria borealis Shoots Neg Reference 0.04 354.21 223.33 0.86 1214.70 1.98 0.11 1.95 14.64 1.21 0.03 16.40
use Glyceria borealis Roots Neg Reference 0.21 137.30 81.83 0.44 618.70 3.70 0.13 1.50 3.66 5.93 0.12 3.42
use Triglochin maritima Shoots Neg Reference 0.01 307.86 32.03 0.21 5176.42 BDL 0.02 0.95 12.73 BDL 0.00 0.73


















Appendix 3d. Summary of elemental concentrations from invertebrate samples collected in September 2005, as analysed
by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary of Invertebrate Tissue Element Concentrations (mg/L)
Wetland Animal Treatment As Ba Bi Ca Cd Co Cr Cs Cu Fe Ga K
Detection Limits (mg/L) 0.04 0.00 0.00 6.28 0.00 0.00 0.05 0.00 0.02 3.26 0.01 22.12
SWSD Aeshnidae CT-Coke 0.07 4.07 0.01 1887.33 0.08 0.19 1.00 0.05 1.08 328.64 0.90 162.42
SWSD Aeshnidae CT-Other BDL 2.43 0.03 886.73 1.67 0.15 6.94 0.12 28.72 24.67 0.35 3074.59
SWSD Aeshnidae MFT-Coke 0.25 0.76 0.00 1107.10 0.07 0.10 0.51 0.01 4.48 52.73 0.13 864.91
SWSD Aeshnidae MFT-Other 0.14 1.16 0.00 560.38 0.26 0.08 0.76 0.02 3.12 65.74 0.23 860.86
SWSD Aeshnidae Native-Coke 0.23 3.38 0.00 2234.56 0.06 0.13 0.87 0.02 4.47 229.05 0.64 1168.89
SWSD Aeshnidae Native-Coke BDL 1.01 0.00 302.60 0.20 0.10 1.06 0.02 6.04 49.84 0.15 1401.40
SWSD Aeshnidae Native-Other 0.10 1.49 0.00 669.70 0.02 0.08 0.52 0.01 5.55 194.79 0.28 1091.75
SWSD Derotanypus CT-Coke 40.42 50.24 0.26 10843.90 63.44 BDL 272.92 BDL 264.46 4867.77 9.78 52790.99
SWSD Derotanypus CT-Other 103.31 198.56 BDL 18617.80 35.46 7.43 271.51 BDL 260.78 26965.11 32.15 62573.21
SWSD Derotanypus MFT-Coke BDL 71.67 0.39 16364.68 288.08 3.72 43.08 0.72 158.90 1737.67 16.28 32271.30
SWSD Derotanypus MFT-Other BDL 29.77 BDL 5600.90 52.25 0.64 63.44 0.01 87.18 2044.27 6.40 15917.49
SWSD Derotanypus Native-Other 58.69 234.25 0.20 14834.25 41.64 96.09 258.80 BDL 343.58 14252.34 39.16 90092.17
SWSD Lymnaeidae CT-Coke 0.60 19.04 0.01 13172.86 0.05 0.71 2.43 0.13 4.15 998.80 3.30 663.82
SWSD Lymnaeidae CT-Other 0.98 25.99 0.01 14533.29 0.05 0.68 1.94 0.09 8.54 1112.68 3.97 540.96
SWSD Lymnaeidae MFT-Coke 0.70 28.13 0.01 19360.96 0.04 0.63 1.69 0.07 3.54 1007.13 4.08 465.30
SWSD Lymnaeidae MFT-Other 0.41 16.63 0.01 10955.40 0.03 0.48 0.81 0.04 3.29 519.83 2.29 178.54
SWSD Lymnaeidae Native-Coke 0.69 21.61 0.01 14545.07 0.03 0.50 1.12 0.04 3.43 636.29 3.06 440.88
SWSD Lymnaeidae Native-Other 0.84 32.16 0.02 23487.04 0.08 1.03 4.17 0.21 7.48 1685.39 5.41 1221.54
BP Lymnaeidae Reference 0.67 10.48 0.00 5355.98 0.04 0.59 0.63 0.01 1.27 353.55 1.43 640.68
BP Lymnaeidae Reference 0.81 9.40 0.00 8474.52 0.07 0.50 0.30 0.01 1.28 303.25 1.22 710.98
BP Lymnaeidae Reference 0.56 4.77 0.00 3288.92 0.04 0.29 0.33 0.00 0.98 113.59 0.61 716.81
BP Lymnaeidae Reference 0.40 3.60 0.00 2366.00 0.04 0.14 0.18 0.00 0.84 100.12 0.47 570.49


















Appendix 3d. Summary of elemental concentrations from invertebrate samples collected in September 2005, as analysed
by ICP-MS at the Great Lakes Institute for Environmental Research.
Summary of Invertebrate Tissue Element Concentrations (mg/L)
Wetland Animal Treatment La Mg Mn Mo Na Ni Pb Rb Sr V Y Zn
Detection Limits (mg/L) 0.00 0.41 0.04 0.00 16.52 0.22 0.00 0.01 0.00 1.12 0.00 0.02
SWSD Aeshnidae CT-Coke 0.53 256.89 51.44 0.06 77.30 1.06 0.21 0.80 7.21 BDL 0.32 1.40
SWSD Aeshnidae CT-Other 0.27 609.85 12.07 0.26 4654.10 16.59 1.50 1.06 3.75 BDL 0.23 27.77
SWSD Aeshnidae MFT-Coke 0.04 835.45 16.91 0.07 750.90 0.75 0.05 0.21 5.41 BDL 0.02 18.19
SWSD Aeshnidae MFT-Other 0.09 162.65 7.51 0.03 945.22 1.60 0.09 0.35 2.29 BDL 0.08 7.76
SWSD Aeshnidae Native-Coke 0.24 683.95 34.88 0.09 803.17 1.73 0.12 0.61 9.97 1.53 0.17 21.33
SWSD Aeshnidae Native-Coke 0.13 221.93 9.08 0.05 1105.84 2.80 0.37 0.38 1.17 BDL 0.06 12.57
SWSD Aeshnidae Native-Other 0.16 601.03 64.25 0.05 923.45 0.51 0.06 0.35 3.38 BDL 0.07 17.61
SWSD Derotanypus CT-Coke BDL 937.25 84.85 6.87 24344.17 107.58 28.73 BDL 32.67 1366.96 0.64 379.85
SWSD Derotanypus CT-Other 12.58 7135.53 555.19 5.07 31701.54 BDL 29.46 4.45 109.02 1258.55 8.23 277.83
SWSD Derotanypus MFT-Coke 3.57 4813.95 272.14 6.19 24294.92 36.29 67.83 6.11 118.95 359.23 14.43 375.66
SWSD Derotanypus MFT-Other 1.29 965.31 56.23 1.59 7675.08 BDL 24.09 BDL 35.80 311.32 3.96 136.16
SWSD Derotanypus Native-Other 8.22 7836.80 2659.21 2.88 56943.89 BDL 50.50 BDL 73.15 1269.43 5.40 828.30
SWSD Lymnaeidae CT-Coke 1.87 1409.39 137.94 0.22 257.70 2.41 0.68 2.25 42.83 5.41 0.92 9.67
SWSD Lymnaeidae CT-Other 1.37 1148.66 323.21 0.24 206.28 2.17 0.52 1.56 53.84 4.30 0.68 17.63
SWSD Lymnaeidae MFT-Coke 1.09 1261.80 165.70 0.84 235.27 6.79 0.50 1.28 63.11 16.53 0.61 13.65
SWSD Lymnaeidae MFT-Other 0.53 568.75 124.05 0.23 141.26 1.96 0.45 0.56 32.78 4.09 0.27 9.82
SWSD Lymnaeidae Native-Coke 0.70 1130.88 206.80 0.90 196.11 7.13 0.34 0.67 49.65 17.98 0.35 11.20
SWSD Lymnaeidae Native-Other 2.87 2001.65 293.58 1.31 555.26 9.39 1.07 3.48 68.99 22.21 1.40 20.91
BP Lymnaeidae Reference 0.27 455.73 930.89 0.26 1224.55 1.06 0.07 0.51 9.84 BDL 0.12 9.70
BP Lymnaeidae Reference 0.26 558.93 545.20 0.33 1086.83 0.96 0.05 0.46 12.39 BDL 0.09 10.64
BP Lymnaeidae Reference 0.14 337.28 225.53 0.24 951.72 0.85 0.02 0.38 5.33 BDL 0.05 7.76
BP Lymnaeidae Reference 0.05 373.38 171.48 0.10 1179.12 0.28 0.02 0.29 4.61 BDL 0.02 7.14
BP Lymnaeidae Reference 0.08 537.98 238.30 0.13 1041.06 0.41 0.03 0.33 8.70 BDL 0.05 7.83
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Appendix 4-Statitical Tables for Trace Metals Data
Appendix 4a. Effects of base or middle treatment sediments on pH, DO, Eh. 
Results of 1-way ANOVA, testing the effects of Base or Middle sediment 
treatments on mean pH, DO, and Eh of pore waters of the respective section of 
cores of microcosm experiment. Bolded results indicate significant effects of 
factor on that PC.
ANOVA-pH
SS DF MS F P
Middle 0.361 1 0.361 2.63 0.119283
Error 3.022 22 0.137
ANOVA-pH
SS DF MS F P
Base 1.048 2 0.524 4.71 0.020369
Error 2.335 21 0.111
ANOVA-DO
SS DF MS F P
Middle 141.2474 1 141.2474 6.84977 0.025721
Error 206.2076 10 20.6208
ANOVA-DO
SS DF MS F P
Base 30.4046 2 15.2023 0.359389 0.707683
Error 380.7037 9 42.3004
ANOVA-Eh
SS DF MS F P
Middle 674.2 1 674.2 0.032934 0.857654
Error 450338.4 22 20469.9
ANOVA-Eh
SS DF MS F P
Base 62574.3 2 31287.1 1.691465 0.208401
Error 388438.3 21 18497.1
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Appendix 4b. Effects of position waters were collected from on pH, DO, Eh. 
Results of 1-way ANOVA, testing the significance of Position of pore waters on 
pH, DO, and Eh of pore waters of microcosm experiment. Error based on: 
core*Position. Bolded results indicate significant effects of factor on that PC.
ANOVA-pH__________________________________ ________________
SS DF MS F p
Position 0.010880 1 0.010880 0.126001 0.729327
core*Position 0.949838 11 0.086349
ANOVA-DO____________________________________ ______________
SS DF MS F p
Position 3.1393 1 3.13927 0.195400 0.667024
core*Position 176.7239 11 16.06581
ANOVA-Eh
SS DF MS F P
Position 25519.3 1 25519.28 2.084023 0.176717
core*Position 134697.2 11 12245.20
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Appendix 4c. Effects of position pore waters were collected from on PCs derived 
from trace metal concentrations. Results of 1-way ANOVA, testing the 
significance of Position of pore waters on PCs derived from trace metal 
concentrations of pore waters of microcosm experiment. Error based on: 
core*Position. Bolded results indicate significant effects of factor on that PC.
ANOVA-PC1
SS DF MS F P
Position 6.519877 1 6.519877 8.284485 0.015017
core*Position 8.656983 11 0.786998
ANOVA-PC2___________________________ _______________________
SS DF MS F p
Position 0.278289 1 0.278289 0.470030 0.507165













core*Position 8.758751 11 0.796250
ANOVA-PC4___________ _______________________________________
SS DF MS F p
Position 0.299770 1 0.299770 0.856259 0.374643
core*Position 3.851012 11 0.350092
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Appendix 4d. Effects of base treatment sediments on PCs derived from pore 
water metal concentrations of the base treatment sediments. Results of 1-way 
ANOVA, testing the effects of Base sediment treatments on PCs of pore waters 
of the base section of cores of microcosm experiment. Bolded results indicate 
significant effects of factor on that PC.
ANOVA-PC1______________________________________________
SS DF MS F p
Base 4.948342 2 2.474171 6.450905 0.018278
Error 3.451847 9 0.383539
ANOVA-PC2_________________________________ ____________
SS DF MS F p
Base 1.12714 2 0.563570 0.454754 0.648420
Error 11.15357 9 1.239285
ANOVA-PC3_________ _____ _______________________________
SS DF MS F p
Base 0.304293 2 0.152146 0.138473 0.872506
Error 9.888666 9 1.098741
ANOVA-PC4______________________________________________
SS DF MS F p
Base 0.449895 2 0.224948 0.216430 0.809462
Error 9.354218 9 1.039358
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Appendix 4e. Effects of middle treatment sediments on PCs derived from pore 
water metal concentrations of the middle/surface treatment sediments. Results 
of 1-way ANOVA, testing the effects of middle sediment treatments on PCs of 
pore waters of the middle/surface section of cores of microcosm experiment. 
Bolded results indicate significant effects of factor on that PC.
ANOVA-PC1
SS DF MS F p
Middle 1.864304 1 1.864304 2.999380 0.113970
Error 6.215631 10 0.621563
ANOVA-PC2
SS DF MS F p
Middle 0.03147 1 0.031474 0.030235 0.865427
Error 10.40953 10 1.040953
ANOVA-PC3
SS DF MS F P
Middle 1.539618 1 1.539618 1.598043 0.234851
Error 9.634397 10 0.963440
ANOVA-PC4
SS DF MS F P
Middle 2.87531 1 2.875313 2.869343 0.121147
Error 10.02080 10 1.002080
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Appendix 4f. Effects of middle/surface treatment sediments on PCs derived from 
pore water metal concentrations of the middle/surface treatment sediments. 
Results of 1-way ANOVA, testing the effects of middle sediment treatments on 
PCs of pore waters of the middle/surface section of cores of microcosm 
experiment and control wetlands sediments. Bolded results indicate significant 
effects of factor on that PC.
ANOVA-PC1_______________________________________
SS DF MS F p
Middle 9.85836 5 1.971672 1.946347 0.145918
Error 15.19517 15 1.013011
ANOVA-PC2_______________________________________
SS DF MS F p
Middle 18.71160 5 3.742320 6.877191 0.000135
Error 19.58991 36 0.544164
ANOVA-PC3____________________ _______________
SS DF MS F p
Middle 1.37601 5 0.275201 0.251702 0.936202
Error 39.36099 36 1.093361
ANOVA-PC4_______________________________________
SS DF MS F p
Middle 22.24656 5 4.449311 9.180807 0.000011
Error 17.44674 36 0.484632
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Appendix 4g. Results of 2-way factorial ANOVA, testing the effects of Base and 
Middle sediments of microcosm experiment on PCs derived from Chara vulgaris 
tissue metal concentrations of microcosm experiment, and BP control. Bolded 
results indicate significant effects of factor on that PC.
ANOVA-PC1
SS Degr. of Freedom MS F P
Base 2.127541 2 1.063771 1.865494 0.234414
Middle 2.477832 1 2.477832 4.345280 0.082218
Base*Middle 2.973216 2 1.486608 2.607008 0.153169
Error 3.421411 6 0.570235
ANOVA-PC2
SS Degr. of Freedom MS F P
Base 0.091202 2 0.045601 0.031690 0.968968
Middle 0.018894 1 0.018894 0.013130 0.912511
Base*Middle 2.255986 2 1.127993 0.783880 0.498370
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Appendix 4h. Results of 2-way factorial ANOVA, testing the effects of base and 
middle/surface sediment treatments of microcosm experiment on PCs derived 
from all invertebrate tissue metal concentrations. Bolded results indicate 
significant effects of factor on that PC.
ANOVA-PC1
SS Degr. of Freedom MS F P
Animal 13.09840 2 6.549200 32.71956 0.000041
Base 0.04366 2 0.021831 0.10907 0.897722
Middle 0.01799 1 0.017992 0.08989 0.770460
Base*Middle 0.13833 2 0.069163 0.34554 0.715967
Error 2.00162 10 0.200162
ANOVA-PC2
SS Degr. of Freedom MS F P
Animal 11.89851 2 5.949253 12.75056 0.001773
Base 1.80951 2 0.904757 1.93909 0.194239
Middle 0.16554 1 0.165537 0.35478 0.564655
Base*Middle 1.44180 2 0.720898 1.54504 0.260188
Error 4.66587 10 0.466587
ANOVA-PC3
SS Degr. of Freedom MS F P
Animal 5.00593 2 2.502963 2.299388 0.150806
Base 0.99434 2 0.497172 0.456735 0.645930
Middle 1.19559 1 1.195586 1.098345 0.319299
Base*Middle 0.61864 2 0.309320 0.284162 0.758524
Error 10.88534 10 1.088534
ANOVA-PC4
SS Degr. of Freedom MS F P
Animal 1.03109 2 0.515545 0.375196 0.696432
Base 1.05238 2 0.526191 0.382944 0.691434
Middle 2.54935 1 2.549351 1.855331 0.203056
Base*Middle 2.82036 2 1.410181 1.026282 0.393190
Error 13.74068 10 1.374068
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Appendix 4i. Results of 1-way ANOVA, testing the effects of Base sediments of 
microcosm experiment, BP controls on PCs derived from Lymnaeid snail tissue 
metal concentrations of microcosm experiment, and BP control. Bolded results 
indicate significant effects of factor on that PC.
ANOVA-PC1_________________________________________________
SS Degr. of Freedom MS F p
Base 0.798192 3 0.266064 17.8310 0.001171
Error 0.104450 7 0.014921
ANOVA-PC2____________ ________________________ ___________
SS Degr. of Freedom MS F p
Base 0.618620 3 0.206207 3.76578 0.067504
Error 0.383306 7 0.054758
ANOVA-PC3 ____________________________________________
SS Degr. of Freedom MS F p
Base 6.519811 3 2.173270 19.45347 0.000896
Error 0.782014 7 0.111716
ANOVA-PC4_____________________
SS Degr. of Freedom MS F p
Base 1.071765 3 0.357255 6.542498 0.019336
Error 0.382237 7 0.054605
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Appendix 4j. Results of 1-way ANOVA, testing the effects of Middle sediments of 
microcosm experiment, BP controls on PCs derived from Lymnaeid snail tissue 
metal concentrations of microcosm experiment, and BP control. Bolded results 
indicate significant effects of factor on that PC.
ANOVA-PC1
SS Degr. of Freedom MS F p
Middle 0.823895 2 0.411947 41.8502 0.000058
Error 0.078747 8 0.009843
ANOVA-PC2_____________________ ____________________________
SS Degr. of Freedom MS F p
Middle 0.519076 2 0.259538 4.30009 0.053940
Error 0.482851 8 0.060356
ANOVA-PC3
SS Degr. of Freedom MS F P
Middle 6.701605 2 3.350803 44.66099 0.000046
Error 0.600220 8 0.075028
ANOVA-PC4
SS Degr. of Freedom MS F p
Middle 1.067104 2 0.533552 11.03243 0.005013
Error 0.386897 8 0.048362
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Appendix 5-Water Properties of Test Sites provided by Mike MaKinnon 
(Syncrude Canada Ltd.)
Syncrude Sites Suncor Site
General TP9 SWSD use BP JP
Northing (UTM) 6326930 6326610 6323250 6316585
Easting (UTM) 458065 458120 460180 467690
pH (units) 8.9 8.6 8.5 8.0 8.3
Conductivity (uS/cm) 2300 610 725 1270 2480
Dissolved Oxygen (mg/L) 9.5 12 10 7.5
Alkalinity (mg.L'1)** 680 230 140 319 140
Dis. Organic Carbon 
(mgC/L) 58 16 15 60
Naphthenic Acids (mg/L) 26 1.5 7.5 <1 42
Hardness (as C aC 03) 30 185 125 500 315
IC50 (% by vol) >100 >100 >100 >100
IC20 (% by vol) 40 80 >100 30
Nutrients
o-Phosphate (mgP.L'1) <0.01 <0.01 <0.01 <0.01 <0.01
Total Phosphorous 
(mgP.L-1)
<0.01 <0.01 <0.01 <0.01 <0.01
Ammonia (mgN.L ’ ) 0.35 0.15 0.20 0.15 2.0
Nitrate + Nitrite (mgN.L'1) <0.01 <0.01 <0.01 <0.01 <0.01
Major Ions (mg. L'1)
Cations
Na+ 550 70 100 120 565
K+ 5 2 4 1 15
Mg++ 10 27 9 50 45
C a ^  "  ~.............. ~....... 11 27 25 120 46
Anions
F <1 <1 <1 <1 1.5
cr 260 15 55 15 150
11
rj-
0CO 190 90 100 390 530
C03 - 50 10 <5 <5 20
h c o 3‘ 725 260 165 390 840
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